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PEEFACE 


The  establishment  of  the  Zeitschrift  fur  Physikalische 
Chemie,  some  twelve  years  ago,  may  be  regarded  as 
marking  the  rise  of  the  science  as  an  independent 
subject,  and  its  recognition  as  such  in  Germany.  About 
that  time  van  't  HofF  published  his  extraordinarily 
fruitful  ideas  on  osmotic  pressure,  and  on  the  applica- 
tion of  thermodynamics  to  chemistry ;  Ostwald  was 
appointed  to  the  chair  at  Leipzig,  and  the  brilliant 
series  of  researches  commenced,  which  have  made  that 
laboratory  known .  throughout  the  world  as  the  home 
of  physical  chemistry  ;  and  soon  afterwards  Arrhenius 
supplied,  in  the  electrolytic  dissociation  theory,  what 
was  needed  to  complete  the  main  outlines  of  the  science. 
At  the  beginning  of  this  decade  physical  chemistry  was 
in  the  making :  now  it  is  so  far  set  that  a  small  text- 
book may  be  written  with  security  and  advantage  ;  the 
subject  is  still  growing  very  fast — as  witness  the  3,500 
pages  of  the  Zeitschrift  every  year — but  the  growth  is 
in  detail.  It  is  time,  too,  to  appeal  for  wider  recognition 
in  England,  where,  as  yet,  not  a  single  professorship 
exists  to  mark  the  appearance  of  a  new  science  that, 
on  the  Continent,  has  long  been  regarded  as  wide 
enough  to  require  a  man's  whole  energy. 

The  present  book  is  intended  to  contain  what  a 
•student — with  limited  time,  and  many  subjects  to  learn 
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— may  usefully  read.  It  is  by  no  means  written  to  suit 
any  examination,  but  still  is  written  with  the  practical 
requirements  of  students  in  view — indeed,  is  based  on 
the  author's  lectures.  At  the  same  time  the  author 
hopes  that  the  style  adopted  will  put  the  reader,  as  far 
as  possible,  in  touch  with  the  constant  stream  of  experi- 
mental and  theoretical  research  that  makes  physical 
chemistry  at  present  such  a  fascinating  subject  to 
follow. 

A  good  deal  of  mathematics  is  unavoidable ;  but  it 
will  be  found  that  the  mathematical  sections  can  be  left 
out  without  making  the  rest  unintelligible.  It  may  be 
pointed  out  that  the  earlier  part  of  chapter  iii,  containing 
the  general  theory  of  thermodynamics,  is  not  intended 
to  be  mathematically  strict,  but  merely  to  indicate  the 
course  of  reasoning  followed  by  the  strict  proofs ;  for 
a  thorough  treatment  of  the  subject,  Planck's  work 
should  be  consulted.  In  the  latter  part  of  that  chapter 
the  author  has  endeavoured  to  arrange  the  theorems  on 
the  application  of  thermodynamics  to  chemistry  (and 
they  gave  him  much  trouble  to  understand)  in  the  most 
intelligible  form. 

It  is  hardly  necessary  to  express  indebtedness  to  the 
classical  writings  of  van 't  HofF,  Ostwald,  Nernst,  and 
Planck :  the  short  catalogue,  following,  of  the  leading 
books  on  theoretical ,  chemistry  will  do  so  sufficiently, 
and  in  more  useful  form.  It  only  remains  for  the  author 
to  add  his  gratitude  to  his  friend  Dr.  F.  G.  Donnan,  who 
read  through  the  MS.  and  made  valuable  criticisms 
thereon. 

London, 
July,  1899. 
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The  quantities  occurring  frequently  in  the  course  of  the 

book  are  as  far  as  possible  expressed  by  the  following 

symbols :  — 

C  Concentration. 

D  Density  of  liquid. 

E  Electromotive  force. 

F  Free  energy. 

Cf    =  ~  ratio  of  specific  heats. 

Ky 

H    Quantity  of  electricity, 

K   Eeaction  or  dissociation  constant. 

M   Molecular  weight  (of  dissolved  substance) 

P    Osmotic  pressure. 

Q     Quantity  of  heat. 

R    Gas  constant. 

S  Entropy. 

T    Absolute  temperature. 
U    Internal  energy. 

V  Dilution  (c.c.  per  gram)  of  solution. 

Kp  Specific  heat  of  gas  at  constant  pressure. 

Ky  Specific  heat  of  gas  at  constant  volume. 

A    Molecular  conductivity. 

d    Density  of  gas  or  vapour. 

g     Acceleration  of  gravity. 

kJ(/  Velocity  of  reaction. 

I     Latent  heat. 

m    Molecular  weight  (of  solvent  or  gas). 

n    Number  of  ions  formed  from  molecule. 

p     Gas  (or  vapour)  pressure. 

q     Quantity  of  heat. 

r  Valency. 

mm'  Ionic  velocities. 

V  Molecular  volume  of  gas  or  vapour. 

X     Transference  ratio  of  kation  (Hittorf's  number). 

7     Degree  of  dissociation,  or  degree  of  reaction. 

€     Quantity  of  electricity  per  gm.  equivalent  (96,540). 

1     Van 't  HofF's  factor  of  dissociation. 

K     Specific  conductivity. 

A    Molecular  latent  heat. 

V  Molecular  coefficient  in  a  chemical  equation. 

Some  of  the  above  symbols  are,  however,  used  transiently 
in  other  senses. 
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In  the  references,  the  principal  abbreviations  used  are : — 
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ten  years. 

Ber.   Berichte   der  Deutschen   Chemlschen   Gesellschaft.     Berlin  : 

Friedlilnder  &  Co.    Bvo.    One  volume  yearly. 
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One  volume  yearly  in  parts.    Called  '  Monatsberichte'  previous 

to  1882. 

C.  B.    Comptes-rendus  hebdomadaires  des  Seances  de  I'Academie  des  . 
Sciences.    Paris  :  Gauthier-Villars.    4to.    Two  volumes  yearly 
in  weekly  parts  ;  volumes  for  1899  are  128  and  129. 

J.  C.  S.  The  Journal  of  the  Chemical  Society  of  London.  London: 
Gurney  &  Jackson.  8vo.  Two  volumes  yearly,  numbered 
consecutively,  one  of  transactions,  one  of  abstracts. 

Ostw.  Zeitschrift  fiir  Physikalische  Chemie.  Hrsg.  v.  W,  Ostwald 
und  J.  H.  van  't  Hoff.  Leipzig:  Engelmann.  Bvo.  Three 
volumes  yearly  in  monthly  parts.    Volumes  for  1B99  ^re  2B-30. 

Phil.  Mag.  Philosophical  Magazine  and  Journal  of  Science.  London  : 
Taylor  &  Francis.  Bvo.  Two  volumes  yearly  in  monthly  parts. 
The  present  is  the  fifth  series,  volumes  for  1899  being  47  and  48. 

Wied.  Annalen  d.  Physik  und  Chemie.  Hrsg.  von  G.  und  E.  Wiede- 
mann. Leipzig :  J.  A.  Barth.  Bvo.  Three  volumes  yearly  in 
monthly  parts.    Volumes  for  1B99  are  67-69. 

Of  the  numbers  following  the  name  of  a  journal,  that  in  heavier 
type  indicates  the  number  of  the  volume  :  when  a  number  in  brackets 
precedes  the  volume  number,  it  refers  to  the  series. 
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INTRODUCTION 


The  science  of  physical  chemistry,  which  is  mainly  a 
development  of  the  last  two  decades,  is  not  separated  by 
any  definite  boundary  from  physics  on  the  one  side,  or  from 
chemistry  on  the  other ;  but  the  accumulation  of  experi- 
mental material,  and  the  growth  of  theory  which  allows  of 
the  experimental  data  being  treated  systematically,  have 
made  it  convenient  to  regard  physical  chemistry  as  a  distinct 
branch  of  the  physical  sciences.  It  consists  chiefly  in  (ij 
measurement  of  the  physical  constants  of  chemically  definite 
materials,  and  the  relation  between  those  constants  and 
the  chemical  structure  of  the  substances  possessing  them  ; 
(ii)  the  quantitative  study  of  chemical  reactions.  These  two 
divisions  are  frequently  described  as  chemical  statics  and 
dynamics  respectively.  In  this  book  the  subject  will  be 
treated  in  the  order  just  indicated,  and — to  explain  the 
arrangement  in  somewhat  more  detail — physical  constants 
may  be  measured  either  (a)  to  determine  molecular  weights 
(the  subject  of  chap,  i),  or  (&)  for  the  more  general  problem 
of  determining  the  structure  of  the  molecule  (chap.  ii). 
Again,  chemical  reactions  may  conveniently  be  divided  into 
those  taking  place  in  homogeneous  systems  (chaj).  iv)  and 
those  in  heterogeneous  systems  (chap.  v).  To  the  whole 
is  prefixed  a  short  summary  of  the  physical  principles 
and  conceptions  involved  ;  but  one  branch  of  physics,  viz. 
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thermodynamics,  requires  special  treatment  on  account  of  its 
importance  and  its  difficulty.  Thermodynamic  reasoning  is 
intimately  bound  up  with  the  theories  of  physical  chemistry ; 
indeed  the  subject  has  come  to  be  mainly  built  up  on 
a  basis  of  thermodynamic  reasoning,  and  the  application  of 
thermodynamics  is  so  certain,  that  not  only  may  numerical 
observations  be  ranged  ia  order  by  means  of  it,  but  one  set 
of  experiments  may  be  made  to  determine  the  value  of  two 
quantities.  Accordingly  two  whole  chapters,  Nos.  iii  and  vi, 
have  been  devoted  to  an  explanation  of  the  principles  of 
thermodynamics  and  their  bearing  on  the  problems  of 
physical  chemistry.  Finally,  the  somewhat  special  pheno- 
mena of  galvanic  cells  have  been  reserved  for  consideration 
in  a  chapter  by  themselves. 

In  the  physical  summary  now  to  be  given,  no  attempt  at 
explanation  will  be  made  ;  the  definitions  and  laws  required 
for  the  subsequent  treatment  of  physical  chemistry  will  be 
stated  simply  for  convenience  of  reference :  for  further  ex- 
planation and  illustration  of  their  meaning  the  text-books 
of  physics  must  be  consulted.  But  it  will  probably  be 
useful  in  reading  the  chapters  following  to  have  at  hand 
a  list  of  the  leading  physical  constants,  and  of  the  algebraical 
relations  between  the  various  physical  quantities. 

Units. 

According  to  the  system  generally  adopted  for  the  expres- 
sion of  physical  quantities,  three  units,  viz.  those  of  length, 
time,  and  mass,  are  chosen  arbitrarily,  the  remainder  being 
derived  from  those.  It  has  become  customary  to  use  the 
centimetre,  the  second,  and  the  gram  as  the  three  funda- 
mental units,  and  the  set  of  units  systematically  derived 
from  them  constitutes  what  is  known  as  the  C.  G.  S.  system. 
The  principal  quantities  and  their  units  are  as  follows  : — 

Length  :  unit,  the  centimetre  (cm.). 

Area:  unit,  the  square  centimetre  (cm".). 
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Volume  :  unit,  the  cubic  centimetre  (cm^  or  c.c). 
Time :  unit,  the  second  (sec). 

Velocity,  time-rate  of  change  of  position  :  unit,  cm.  ^er 
sec. 

Acceleration,  time- rate  of  change  of  velocity :  unit,  cm. 

per  sec.  per  sec. 
Mass  :  unit,  the  gram  (gm.). 
Density,  mass  per  unit  volume :  unit,  gm.  per  c.c. 
Specific  volume,  volume  per  unit  mass :  unit,  c.c.  per 

gram. 

Momentum,  mass  x  velocity :  unit,  gm.  cm.  per  sec. 
Force,  mass  x  acceleration  (or  time  rate  of  change  of 

momentum) :  unit,  gm.  cm.  per  sec.  per  sec.  called  the 

dt/ne. 

Energy  (including  work),  force  x  distance :  unit,  dyne- 
cm.  called  the  erg. 

Power,  time  rate  of  change  of  energy  (or  rate  of  doing 
work) :  unit,  erg  per  sec. 

Since  the  erg  is  an  inconveniently  small  unit  for  practical 
purposes,  use  is  frequently  made  of  the 

joule  =10'^  ergs 
and  the  watt  =  1 0'^  ergs  per  second. 

Energy,  the  most  important  of  these  dynamical  quantities, 
presents  itself  in  the  first  place  in  the  form  of  mechanical 
work.  Work  is  done  when  motion  is  effected  against  the 
action  of  a  force,  and  the  amount  of  it  is  measured  by  the 
product  of  the  force  into  the  distance  moved  in  the  direction 
of  the  force.  Energy  may  be  defined  as  ability  to  do  work, 
and  is  consequently  a  thing  of  the  same  kind  as  work,  and 
to  be  measured  in  the  same  unit,  the  erg.  There  are  many 
varieties  of  energy,  but  they  may  all  be  included  under  one 
or  the  other  of  two  headings,  viz.  kinetic  or  potential. 
Kinetic  energy  is  the  energy  possessed  by  a  moving  body 
in  virtue  of  its  motion  ;  it  amounts  to  one-half  the  product 
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of  the  mass  of  the  body  into  the  square  of  its  velocity. 
Potential  energy  is  the  energy  possessed  by  a  body  or 
system  of  bodies  in  virtue  of  their  configuration  (i.  e.  the 
mutual  position  of  the  parts  of  the  body  or  system) :  such 
is  gravitational  energy,  elastic  energy,  energy  of  electric 
charge,  of  chemical  affinity,  &c. 

In  addition  to  the  above  systematic  units,  in  which 
nothing  is  assumed  arbitrarily  but  the  standards  of  mass, 
length,  and  time,  a  system  is  in  use  in  which  the  unit 
acceleration  is  chosen  arbitrarily,  as  equal  to  the  acceleration 
of  gravity  on  the  earth's  surface.  This  quantity  is  at  any 
point  the  same  for  all  bodies,  and,  moreover,  varies  Httle 
from  place  to  place,  having  the  average  value  of  981  cm. 
per  sec.  per  sec.  Accordingly  the  unit  of  force  would  then 
become  the  weight  of  1  gram  (i.  e.  the  attraction  of  the  earth 
on  a  gram  mass,  which  would  communicate  to  it  an  accelera- 
tion of  981  cm.  per  sec.  per  sec.  if  unopposed),  and  is  equal 
to  981  dynes:  it  may  be  written  1  gm.  wt.  The  unit  of 
energy  becomes  the  gram-centimetre  or  work  done  in  over- 
coming a  force  of  1  gram  weight  through  1  cm.  (e.  g.  in 
lifting  1  gm.  through  a  height  of  1  cm.),  and  is  equal  to 
981  ergs.  The  above  are  called  'gravity'  units,  to  distin- 
guish them  from  the  former  '  absolute '  or  C.  G.  S,  units. 
In  this  book  the  C.  G.  S.  units  will  be  regularly  employed 
except  in  cases  in  which  the  gravity  units  occur  inevitably, 
and  then  the  latter  will  be  converted  into  C.  G.  S.  measure. 
The  value  of  the  acceleration  of  gravity,  or  g,  varies  from 
978  at  the  equator  to  983  at  the  pole  :  as  a  standard  its 
value  at  sea-level  in  latitude  45°  is  adopted,  and  that  is 

g  =  980-61. 

Fluid  Pressure. 
Fluids,  i.  e.  liquids  and  gases,  exert  a  pressure  depending 
on  their  weight ;  this  amomits  at  any  point  to  the  weight  of 
a  column  of  the  fluid,  of  unit  area,  and  of  height  equal  to 
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the  vertical  distance  from  the  point  considered  to  the  top  of 
the  fluid  :  or  symbolically 

jp  —  gild  (dynes  per  sq.  em.), 
where  g  is  the  acceleration  of  gravity,  7i  the  height,  and  d 
the  density  of  the  fluid.  There  may  also  be  a  pressure 
applied  from  without,  as  e.  g.  in  the  case  of  a  liquid  under 
ordinary  conditions,  which  bears  the  weight  of  the  atmosphere 
above  it ;  but  in  any  case  the  variation  in  pressure  from 
point  to  point  of  the  fluid  is  given  by  the  above  formula. 

The  pressure  of  the  atmosphere  is  measured  by  that  of 
the  mercuiy  column  in  a  barometer.  When  the  latter  has 
its  normal  value  of  76  cms.  (corrected  for  temperature,  &c., 
and  reduced  to  the  standard  value  of     the  pressure  is 

980-61  X  76  X  13-5956  =  1,013,230  dynes  per  sq.  cm. 

This  number  is  close  to  one  million,  and  it  is  becoming 
customary  to  adopt  one  million  dynes  —  or  one  megadyne — 
per  sq.  cm.  as  the  standard  atmospheric  pressure.  That 
unit  will  be  employed  in  the  following  pages.  It  may  be 
realized  with  sufficient  accuracy  by  noting  that  it  is  very 
nearly  equal  to  75  cms.  of  mercury  (exactly  75-0076  cms.). 


Elasticity. 
A  strain  is  a  change  of  size  or  shape. 

A  stress  is  that  which  produces  a  strain,  and  is  measured 
by  the  amount  of  force  exerted  on  imit  area  (pressure, 
tension,  tangential  force  applied  over  an  area). 

Elasticity  is  the  property  of  recovering  from  a  strain 
when  the  stress  is  removed. 

In  all  bodies  the  stress  required  to  produce  a  small  strain 
elastically  is  proportional  to  the  strain  produced  (Hooke's 
law).    The  ratio 

— — ^  =  coefficient  of  elasticity, 
strain  ^ 

Solids  possess  two  independent  Idnds  of  elasticity — of 
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volume  and  of  shape.  A  strain  in  volume  can  be  produced 
in  an  ordinary  solid  by  a  uniform  (hydrostatic)  pressure ; 
it  is  measured  by  the  ratio  of  the  dimiaution  of  volume  to 
the  original  volume.  The  stress  (pressure)  divided  by  the 
strain,  so  measured,  gives  the  coefficient  of  volume  elasticity. 

A  strain  in  shape  only  is  a  shear.  It  is  measured  by  the 
ratio  of  the  displacement  of  any  point  in  the  body  to  the 
distance  of  that  point  from  the  j)lane  of  the  body  wliich  is 
not  displaced.  The  shearing  stress  (tangential  pressure) 
divided  by  the  strain,  so  measured,  gives  the  coefficient  of 
elasticity  of  shape  or  rigidity. 

Fluids  are  distinguished  from  solids  by  possessing  no 
rigidity.  Hence  when  a  shear  is  set  up  in  them,  no  elastic 
reaction  occurs :  if  the  stress  be  removed  the  fluid  will  not 
recover  its  former  shape,  and  if  the  stress  be  maintaiaed 
the  amount  of  shear  will  go  on  increasing  indefinitely. 
The  shear  then  becomes  a  *  flow  '  of  the  material,  to  which 
there  is  a  frictional  resistance  ;  the  ratio 

shearing  stress 
rate  of  shearing 
is  here  a  constant  of  the  material,  taking  the  jslace  of  the 
rigidity  in  a  solid,  and  is  called  the  coefficient  of  viscosity. 
The  rate  of  shearing  is  to  be  measured  by  dividing  the 
velocity  of  any  point  in  the  fluid  by  the  distance  of  that 
point  from  the  plane  in  the  fluid  wliich  is  not  displaced  ; 
the  stress  is,  as  before,  measured  by  the  tangential  force  per 
unit  area. 

Laws  of  Gases. 

Actual  gases  approximate  to  a  condition  known  as  that  of 
a  perfect  gas,  some  of  whose  properties  are  as  follows  : — 

When  the  temperature  (T)  remains  constant,  the  pressure 
{p)  of  the  gas  is  inversely  proportional  to  its  specific  volume 
(«;'),  and  therefore  dii-ectly  proportional  to  its  density,  or 

oc  ^(^  const.)    .    .     (Bojde's  law.) 
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When  the  pressure  remains  constant,  the  specific  volume  is 
directly  proportional  to  the  absolute  temperature  (i.  e.  tem- 
perature measured  from  the  absolute  zero,  about  —273^0.),  or 
v'oc        const.)    .    .    (Charles' or  Gay-Lussac's  law.) 
When  the  volume  remains  constant,  the  pressure  is 
directly  proportional  to  the  absolute  temperature,  or 

2J  cc  T (v  const.). 
These  three  statements  are  summarized  in  the  equation 

pv'  =  R'T, 

where  B!  is  a  constant :  this  is  therefore  called  the  *  char- 
acteristic equation  '  of  the  gas. 

The  gas  constant  is  a  quantity  of  great  importance  in 
physical  chemistry,  so  that  is  desirable  to  evaluate  it  exactly. 
As  defined  above,  it  would  have  a  different  value  for  each 
gas ;  but,  according  to  Avogadro's  law,  the  specific  volume  of 
a  gas  is  inversely  proportional  to  its  molecular  weight,  so 
that  if  in  the  equation  the  molecular  volume  (v)  or  volume 
occupied  by  one  gram-molecule  be  used,  the  constant  in  the 
equation  will  be  the  same  for  all  gases.  We  may  therefore 
write  =  RT^ 

in  which  the  quantities  refer  to  a  gram-molecule  of  the  gas. 
In  order  to  determine  li  it  would  be  sufficient  to  measure 
the  volume  of  a  perfect  gas  at  any  observed  temperature  and 
pressure.  There  is,  however,  no  perfect  gas.  If  oxygen  be 
taken  as  the  standard,  it  being  commonly  adopted  as  the 
basis  of  the  system  of  atomic  weights,  we  have,  according 
to  Eayleigh,  Leduc,  and  others,  the  density  0-0014290  under 
a  pressure  of  1,013,230  dynes  persq.  cm.  and  at  the  freezing 
point ;  but  the  gas  being  somewhat  more  compressible  than 
a  perfect  gas,  the  theoretical  density  is  0-0014279  Hence, 
the  molecular  weight  being  taken  as  32,  we  have 
vv  1013230  32 
=  T  =  -273-  ^  0-0014279  =  83,157,000  ergs. 

'  D.  Berthelot,  C.  R.  126.  1030  (1898). 
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When  the  pressure  exerted  on  a  gas  is  high,  it  departs 
much  in  behaviour  from  a  perfect  gas  ;  under  some  circum- 
stances it  may  be  liquefied,  and  the  phenomena  of  the  critical 
point,  connecting  gases  with  liquids,  have  to  be  considered. 
Various  equations  have  been  proposed  to  show  more  exactly 
the  relation  between  the  volume  pressure  and  temperature 
of  a  fluid,  of  which  the  most  important  is  that  of  van  der 
Waals  : 

(i'  +  J)  {'o~h)  =  lU\ 

where  a  and  h  are  constants.  The  equation  to  a  perfect 
gas  is  a  particular  case  of  this  with  a  =  0  and  &  =  0.  The 
characteristic  equation  and  its  relation  to  the  critical  point 
will  be  reverted  to  in  more  detail  in  chap.  ii. 

Fluids  possess  one  kind  of  elasticity  only,  that  of  volume. 
The  coefficient  of  elasticity  is  obtained  by  dividing  a  small 
change  of  stress  (pressure)  by  the  corresponding  small  strain 
(or  fractional  change  of  volume).  For  a  gas  ohei/ing  Boyle's 
laiv,  and  under  the  condition  of  constant  temperature,  it  may 
be  shown  that  the  coefficient  of  elasticity  is  numerically 
equal  to  the  pressure  of  the  gas. 

[In  the  language  of  the  calculus,  the  coefficient  of  elasticity 

—         which  when^v     const,  becomes 

For  the  molecular  weight  of  a  substance  taken  in  grams 
the  abbreviated  expression  mol.  will  be  used. 

Surface  Tension. 

In  liquids  there  is  a  certain  quantity  of  potential  energy 
present  associated  with  their  surface,  and  proportional  to 
its  extent.  This  energy  produces  a  tension  across  any  line 
drawn  in  the  surface  of  a  magnitude  (per  unit  length) 
numerically  equal  to  that  of  the  energy  (per  unit  area),  and 
shows  itself  in  the  well-known  phenomena  of  capillarity. 
The  surface  energy  or  surface  tension  is  most  easily  measured 
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by  the  height  to  which  the  liquid  rises  in  a  capillary  tube. 
For  an  ordinary  liquid  which  wets  glass,  if  JD  be  the  density 
of  the  liquid,  d  that  of  the  vapour  or  gas  in  which  the 
experiment  is  performed,  h  the  height  to  which  the  liquid 
i-ises  in  a  tube  of  radius  r,  and  g  the  acceleration  of  gravity, 
then  the  surface  tension  is 

T  =  |(77ir(Z)  —  cZ)  (dynes  per  cm.\ 


Calorimetry. 

Heat  is  a  form  of  energy,  and  may  therefore  be  measured 
in  terms  of  the  erg.  To  measure  a  quantity  of  heat  directly 
in  ergs  is  not,  however,  always  possible  or  convenient,  so 
quantities  of  heat  are  usually  expressed  by  a  secondary  unit 
which  arises  naturally  in  the  mode  of  measurement,  and 
the  secondary  unit  is  reduced  to  ergs  by  an  independent 
experiment. 

The  secondary  unit  or  calorie  is  usually  defined  as  the 
quantity  of  heat  required  to  raise  1  gm.  of  water  through 
1°  C.  Sometimes  100  or  1,000  times  this  amount  is  adopted, 
but  such  units  will  not  be  employed  in  this  book. 

The  value  of  the  calorie,  however,  varies  slightly  according 
to  the  degree  of  temperature  through  which  the  water  is 
raised.  The  energy  required— i.e.  the  value  of  the  calorie — 
is  shown  for  various  temperatures  by  the  following  table  : — 


6° 

IO° 

15° 

25° 


4-203  X  10  ergs 

4.196 

4.188 

4.181 

4.176 


1-0007  thei'ms 

0-9990 

0-9972 

0-9955 
0.9943 


These  numbers  are  taken  from  the  experiments  of 
Rowland,  as  recalculated  by  Day\  and  expressed  in  terms 
of  the  constant-volume  hydrogen  thermometer. 

It  has  been  proposed  to  adopt  as  the  standard  calorie,  or 
therm,  the  quantity  4-2x10^  ergs.    This  is  the  value  of  the 


'  Physical  Review,  6.  193-222  (1898). 
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calorie  at  about  7-5°.  The  preceding  table  gives  the  means 
of  reducing  quantities  of  heat  measured  in  a  water  calorimeter 
at  other  temperatures,  to  standard  calories,  or  to  ergs. 

The  gas  constant  B  is  approximately  2  calories. 

The  specific  heat  of  a  substance  is  the  quantity  of  heat 
required  to  raise  1  gram  of  it  through  1°C. 

The  thermal  ca;pacity  of  a  body  is  the  quantity  of  heat 
required  to  raise  it  through  1^  C. 

The  latent  heat  of  fusion  (or  of  evaporation)  of  a  substance 
is  the  heat  required  to  melt  (or  volatilize)  1  gram  of  it. 
Sometimes  the  molecular  latent  heat  is  used  instead.  This 
is  the  heat  required  to  melt  (or  volatilize)  1  gram-molecule 
of  the  substance. 

The  heat  of  reaction  is  the  heat  evolved  when  the  quantities 
of  reagents  (in  grams)  expressed  by  the  equation  to  the 
reaction  suffer  the  chemical  change  in  question. 

The  heat  of  formation  of  a  substance  is  the  heat  that  would 
be  evolved  in  forming  1  gram-molecule  of  the  substance 
from  its  elements. 

It  was  found  by  Dulong  and  Petit  that  the  siDecific  heats 
of  the  solid  elements  are  mostly  in  inverse  proportion  to 
their  atomic  weights.  This  may  be  expressed  by  saying  that 
the  atomic  heat  (specific  heat  x  atomic  weight)  is  constant. 

The  average  value  of  this  quantity  is  6-4.  The  majority 
of  the  elements  lie  between  5-9  and  6-9,  but  a  few  have 
lower  values.    These  are — 

Aluminium  .  5-8  Beryllium  (at  257°)    .  5.3 

Gallium     .  .  5-5  Boron  (at  600°) ...  5-5 

Phosphorus  .  5-6  Carbon  (at  1000°)  .    .  5.5 

Sulphur     .  .  5-7  Silicon  (at  232°)    .    .  5.7 

The  four  latter  elements  have  much  lower  atomic  heats 
at  atmospheric  temperature.  The  atomic  heat  is,  however, 
in  any  case,  a  very  ill-defined  quantity,  varying  much  ac- 
cording to  the  temperature,  crystalline  form,  and  mechanical 
condition  of  the  element. 
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The  molecular  heat  of  a  solid  compound  is  usually  not 
far  from  the  sum  of  the  atomic  heats  of  the  constituents. 
The  gaseous  elements  behave  in  solid  compounds  as  if 
possessing  the  following  atomic  heats  : — 

Hydrogen  .    .    2-3  Chlorine  .    ,  6-4 

Oxygen .    .    .    4.0  Fluorine  .    .    5  0 

Nitrogen    .    .  6-4 


CHAPTER  I 


DETERMINATION  OF  MOLECULAR  WEIGHT 

§  1.    Molecular  Weight  of  Gases. 

If  the  problem  of  chemistry  be  regarded  as  that  of 
relating  the  properties  of  bodies  to  their  minute  structure, 
i.  e.  to  the  configuration  of  the  molecules  of  which  they 
are  supposed  to  be  built  up,  it  is  clear  that  one  of  the  first 
steps  towards  the  solution  of  the  problem,  is  to  determine 
the  mass  of  the  molecules.  With  regard  to  the  absolute 
masses,  the  information  at  present  available  is  uncertain ; 
but,  fortunately,  chemistry  is  not  immediately  concerned 
to  know  them:  what  is  of  far  more  consequence  in  the 
practice  of  chemistry  is  to  know  the  relative  masses  of 
the  various  kinds  of  molecules,  i.  e.  taking  one  kind — 
hydrogen  or  oxygen — as  a  standard,  to  measure  the  mole- 
cular mass,  or  as  it  is  more  commonly  called,  the  molecular 
weight,  of  their  bodies  by  comparison  with  it. 

Until  recently  nothing  was  known  as  to  the  molecular 
weight  of  any  substances  except  gases  and  vapours,  but 
in  the  case  of  these  a  method  of  general  application  had 
been  found.  This  is  the  method  based  on  Avogadro's  law. 
According  to  that  law,  all  gases  and  vapours  when  under 
identical  conditions  of  temperature  and  pressure  contain 
equal  numbers  of  molecules  in  the  unit  of  volume ;  hence 
it  is  only  necessary  to  measure  the  mass  of  unit  volume, 
i.  e.  the  density,  to  know  the  relative  masses  of  the 
molecules. 
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The  work  of  Kegnault  on  gas  densities  was  for  many 
years  the  best  of  its  kind,  and  although  Lately  several 
experimentahsts  have  made  measurements  which  involve 
improvements  of  detail,  a  short  account  of  his  apparatus 
will  sufficiently  indicate  the  method  to  be  followed.  The 
method  is  essentially  to  weigh  a  globe  (i)  empty,  (ii)  full, 
of  the  gas  in  question  at  observed  pressure  and  temperature, 
(iii)  full  of  water,  in  order  that  from  the  difference  between 
(i)  and  (iii)  the  volume  of  the  bulb  may  be  known :  it  is 
therefore  the  method  of  the  specific  gravity  bottle,  as  appHed 
to  gases.  The  first  and  most  obvious  difficulty  is  that 
the  gas  in  the  globe  weighs  much  less  than  the  globe  itself, 
so  that  small  errors  in  determining  the  latter,  due  to 
air-displacement,  moisture,  electrification,  &c.,  would  pro- 
duce a  disproportionate  effect  on  the  weight  of  the  contained 
gas.  To  minimize  the  error,  Regnault  weighed  the  worldng 
globe— a  glass  bulb  of  about  10  litres — against  a  bulb  of 
the  same  size  and  weight  as  tare :  both  bulbs  being  similarly 
affected  by  temperature,  pressure,  and  dampness  of  the  air, 
there  remained  only  the  small  difference  of  weight  due  to 
the  gas  contained,  to  compensate  by  weights  from  the  box. 
The  globe  was  closed  by  a  metal  tap — in  all  modern  experi- 
ments a  glass  tap  sealed  on  is  preferred  ;  through  this  it 
could  be  connected  with  the  air-pump  and  the  supply  of 
gas.  Eegnault's  air-pump  was  not  capable  of  producing 
a  complete  vacuum,  but  modern  mercury-pumps  will  easily 
evacuate  a  globe  so  completely  that  the  residual  gas — whose 
pressure  may  be  less  than  one-hundredth  of  a  millimeter — 
may  be  altogether  neglected.  With  the  aid  of  such  a  pump 
an  experiment  consists  in  evacuating  the  globe,  heating  it 
at  the  same  time  to  drive  off  gas  condensed  on  the  glass 
surface,  disconnecting  from  the  pump,  and  placing  on  the 
balance  ;  then,  after  sufficient  time  has  elapsed  for  the  bulb 
to  acquire  the  temperature  of  the  surroundings,  and  its 
surface  to  acquire  a  normal  degree  of  dampness,  in  weighing 
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against  the  comparison  bulb  ;  afterwards  the  bulb  is  placed 
in  ice,  and  a  stream  of  the  purified  gas  allowed  to  flow 
into  it  till  the  pressure  is  that  of  the  atmosphere,  or  that 
indicated  by  a  manometer  attached  to  the  filling  apparatus. 
When  the  temperature  and  pressure  are  constant,  the  tap 

is  closed  again,  the  bulb 
carefully  wiped  dry,  and 
reweighed.  As  consider- 
able uncertainty  is  intro- 
duced by  any  handling  of 
the  glass  surface,  some 
experimenters  have  pre- 
ferred to  fiJ.l  the  bulb  at 
the  atmospheric  tem- 
perature so  as  to  avoid 
the  necessity  of  wiping 
the  glass,  and  reduce  the 
weight  to  the  standard 
temperature  by  the  aid 
of  a  thermometer.  A 
correction  which  is  es- 
pecially important  in  the 
case  of  hydrogen,  over- 
looked by  Eegnault,  and 
first  pointed  out  of  re- 
cent years,  is  due  to  the 
contraction  of  the  bulb 
when  the  internal  pres- 
sure is  removed :  this 
causes  its  displacement 
of  air  to  be  less  M^hen  weighed  empty  than  full,  and  it  is 
necessary  to  add  to  the  observed  weight  of  each  gas  an 
amount  equal  to  the  weight  of  air  displaced  by  the  full 
bulb  in  excess  of  that  displaced  by  the  empty  one. 

Very  careful  measurements  of  the  density  of  hydrogen, 


Fig.  I. 
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oxygen,  nitrogen,  carbon  dioxide,  and  air,  have  been  made 
by  J.  P.  Cooke,  Lord  Kayleigh,  Leduc,  E.  W.  Morley,  and 
others,  especially  in  the  case  of  hydrogen  and  oxygen.  For 
Avogadro's  law,  like  the  other  gaseous  laws,  is  only  an 
approximation,  and  in  order  to  determine  the  molecular 
weights  of  these  gases  two  methods  are  available :  either 
to  find  the  combining  proportions  by  weight  directly,  or 
to  find  the  combining  proportions  by  volume  and  reduce 
these  numbers  by  the  observed  densities.  Thus,  according 
to  Morley  \  2-0027  volumes  of  hydrogen  combine  with  one 
of  oxygen  to  form  water ;  but  the  density  of  oxygen  is 
15-9002  times  that  of  hydrogen,  so  that  the  weight  of 
oxygen  which  will  combine  with  two  grams  of  hydrogen  is 
15-9002  -T-  2-0027  =  15-879  ;  while  Morley  himself  finds  by 
gravimetric  analysis  the  same  number  for  the  atomic  weight 
of  oxygen,  referred  to  hydrogen  as  unity. 

The  density  of  the  principal  gases  expressed  in  gms. 
per  c.c.  at  0"  and  vmder  a  pressure  of  760  mm.  of  mercury 
reduced  to  sea  level  in  lat.  45°  is — 

Density.  Specific  gravity  referred 

to  air      to  hydrogen    to  oxygen 


=  16 

Air  (dry  and  free  from 

CO2)  

I 

14.38 

14.47 

14290 

1-1054 

15.90 

i6.oo 

Nitrogen  (atmospheric, 

containing  argon)  . 

12568 

0.9722 

13.98 

14.07 

Nitrogen  (pure)  .    .  . 

12507 

0.9674 

13-91 

14.00 

00899 

0.06954 

I 

1.006 

The  numbers  are  derived  from  Lord  Eayleigh's  experi- 
ments, except  that  for  hydrogen,  which  is  from  those  of 
Morley  and  Leduc. 

As  a  rule,  however,  in  molecular  weight  determinations, 
it  is  not  necessary  to  obtain  a  high  degree  of  accuracy: 
an  accurate  equivalent  weight  is  found  by  gravimetric 

E.  W.  Morley,  Ostw.  17.  87-106  (1895). 
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analysis,  and  it  is  only  necessary  to  find  whether  the 
molecular  weight  is  equal  to  this,  or  twice,  three  times, 
four  times  as  great.  The  problem,  whether  for  gases  or 
vapours,  then  becomes  one  within  the  range  of  ordinary 
laboratory  practice.  An  apparatus  suitable  for  measuring 
the  density  of  gases  with  an  accuracy  of  about  one  per  cent, 
has  been  described  by  Moissan  and  Gautier\  and  is  shown 
in  Fig.  1  (p.  14).  It  consists  of  a  gas  burette  b,  into  which 
the  gas  is  driven  by  the  side  tube  and  three-way  tap  :  here 
it  is  redu:ced  to  atmospheric  pressure  and  its  volume  and 
temperature  taken,  a  is  a  glass  bulb  of  about  100  c.c. 
provided  with  a  tap,  and  fitted  by  a  ground-glass  joint  on 
to  the  gas  burette.  It  is  weighed  full  of  dry  air  against 
a  similar  bulb  as  counterpoise,  evacuated,  and  fitted  in 
place  as  shown ;  the  gas  is  then  allowed  to  flow  into  the 
bulb,  and  the  latter  reweighed. 

§  2.    Molecular  Weight  of  Vapours. 

The  molecular  weight  of  a  vapour  can  be  determined  by 
a  measurement  of  its  density,  according  to  Avogadro's  law, 
provided  the  vapour  is  not  near  its  point  of  condensation  : 
when  heated  some  twenty  or  thirty  degrees  above  the 
boiling  point  of  the  liquid  under  the  pressure  used  in  the 
experiment,  the  vapour  will  usually  follow  the  gaseous  laws 
with  sufiicient  approximation.  The  exceptions  occur  when 
the  vapour  dissociates.  That  case  requires  separate  con- 
sideration, and  it  will  be  seen  that  vapour  density  measure- 
ments then  give  valuable  information  on  the  course  of  the 
dissociation  with  changes  of  temperature  and  pressure. 
Ordinarily,  however,  the  density  of  a  vapour,  when  not 
near  saturation,  follows  Boyle  and  Charles'  laws,  so  that  it 
always  bears  the  same  ratio  to  the  density  of  hydrogen 
under  the  same  pressure  and  temperature.  The  term  specific 
1  Moissan  and  Gautier,  C.  R.  115.  82-6  (1892}. 
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gravity  may  conveniently  be  retained  to  express  that  ratio, 
while  density  is  used  in  its  customary  sense  of  mass  per  unit 
volume.  As  hydrogen  is  taken  to  have  the  unit  atomic 
weight,  and  is  diatomic,  its  molecular  weight  is  2,  and  that 
of  any  other  gas  consequently  =  2  x  specific  gravity  referred 
to  hydrogen  (more  precisely  2-016  if  oxygen  be  taken  as 
standard,  with  molecular  weight  32). 

Of  methods  for  measuring  vapour  densities,  the  earliest — 
that  of  Dumas — is  analogous  to  the  gas-density  method. 
A  glass  bulb  of  100  to  200  c.c.  with  a  long  capillary  neck 
is  used  ;  it  is  partly  filled  with  the  liquid  to  be  measured, 
and  immersed  in  a  bath  of  liquid — water,  sulphuric  acid, 
or  fusible  metal,  according  to  the  temperature  required — at 
a  temperature  somewhat  above  the  boiling  point  of  the  experi- 
mental substance.  The  vapour  formed  drives  out  the  air  from 
the  bulb,  and  when  all  the  liquid  is  evaporated,  the  end 
of  the  neck  is  fused  up,  and  the  temperature  of  the  bath  t.,, 
and  pressure  of  the  air^2>  noted.  The  bulb  is  then  cooled, 
dried  on  the  outside,  and  weighed  against  a  similar  bulb 
as  counterpoise,  giving,  say,  grams,  a  previous  weighing 
of  the  bulb  when  full  of  air  giving  as  the  weight.  The 
point  of  the  bulb  is  then  broken  under  water,  which  enters 
and  fills  the  bulb  ;  the  weight  W  of  the  latter  full  of  water 
is  then  taken.  W—w^  is  then  the  volume  of  the  bulb  : 
if  be  the  pressure  and  the  temperature  of  the  air 
with  which  it  was  filled  during  the  first  weighing,  this  air 
weighs 

^^-"^2-^,^^^0-«^^2^^ 

and  the  empty  bulb  would  weigh  minus  this  quantity. 
The  weight  of  the  vapour  is  therefore 

/TTT      X  273 
w^-w^+{W-w,)  27^^  X  ^  X  0-001293. 

If  this  be  divided  by  the  weight  of  W—w^  cubic  centi- 

c 


i8 


PHYSICAL  CHEMISTRY 


metres  of  hydrogen  at  and  the  specific  gravity  will  be 
obtained. 

It  is  sometimes  possible  to  absorb  the  vapour  from  the 
bulb,  and  estimate  its  weight  by  volumetric  or  gravimetric 
analysis  :  this  is  to  be  preferred,  as  it  avoids  the  difficulties 
of  weighing  gases  directly. 

Dimias'  method  has  been  used  for  temperatures  above  the 
softening  point  of  glass,  with  a  porcelain  bulb  :  it  is,  how- 
ever, not  so  convenient  either  for  low  or  high  temperatures 
as  that  of  Victor  Meyer. 

The  principle  of  this  method  is  to  cause  the  vapour,  when 
generated,  to  drive  out  an  equal  volume  of  air  into  a 
measuring  tube.  The  apparatus  consists  of  a  bulb  with 
a  long  stem  about  1  cm.  diam.  closed  at  the  top  by  a  cork, 
and  carrying  near  the  top  a  capillary  side  tube.  The  bulb 
and  most  of  the  stem  are  surrounded  by  a  wide  jacketing- 
tube,  in  which  can  be  boiled  water,  aniline,  or  other  liquid, 
to  maintain  a  constant  high  temperature  in  the  bulb ;  the 
side  tube  either  passes  into  a  eudiometer  placed  in  a  pneu- 
matic trough  (filled  with  water)  or  is  connected  to  a  gas 
burette.  From  one  to  two  decigrams  of  the  liquid  to  be 
used  are  weighed  out  in  a  small  sealed  bulb  of  glass,  which 
may  be  placed  in  a  catch  in  the  stem  of  the  apparatus  : 
when  the  constant  temperature — some  thirty  or  forty 
degrees  above  the  boiling  point  of  the  liquid — is  attained, 
the  catch  is  released,  the  small  bulb  falls  to  the  bottom 
of  the  apparatus  and  bursts  ;  the  liquid  evaporates  com- 
pletely in  two  or  three  minutes,  remaining  in  the  hot  part ; 
whilst  an  equal  volume  of  air  is  forced  into  the  eudiometer, 
where  its  volume  pressure  and  temperature  are  determined, 
allowance  being  made  for  the  fact  that  it  is  saturated  with 
water  vapour.    Then  if 

V  =  volume  of  air, 

J?  =  height  of  barometer  in  millimetres, 
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h  =  height  of  water  in  eudiometer  above  the  level 

outside, 
t  =  temperature  of  the  air, 
p^  =  saturation  pressure  of  water  vapour  at  t, 
w  =  weight  of  air, 

h 

P    2^t     2  g.g  273 
0.001293  X.X   —   X 

and  the  specific  gravity  of  the  vapour  (referred  to  air)  is 
simply  got  by  dividing  the  weight  of  liquid  used  by  the 
weight  of  air  collected.  Since  air  is  14-38  times  as  heavy 
as  hydrogen,  the  molecular  weight  =  14-38x2-016  =  28-94x 
specific  gravity  referred  to  air. 

It  vnll  be  observed  that  it  is  not  necessary  to  know  the 
temperature  of  the  bath  ;  it  is  necessary  however  to  keep  it 
constant,  otherwise  air  will  be  driven  into  or  out  of  the 
measuring  tube  on  account  of  fluctuations  of  temperature. 
Under  ordinary  circumstances  results  correct  to  one  or  two 
per  cent,  can  be  obtained. 

Victor  Meyer's  method  has  been  applied  wdth  success 
at  very  high  temperatures — even  up  to  1730°  C. — obtained 
by  means  of  a  gas  furnace.  Bulbs  of  porcelain  or  platinum 
were  used,  but  no  important  modification  of  the  method 
was  required.  In  the  case  of  bodies  which  oxidize  easily, 
the  apparatus  may  be  filled  with  nitrogen  or  hydrogen, 
previous  to  the  experiment ;  and  if  the  substance  employed 
will  not  volatilize  without  decomposition  under  the  ordinary 
pressure,  reduced  pressure  may  be  employed.  In  this  case 
a  gas-burette  rather  than  a  eudiometer  should  be  adopted, 
and  the  water  in  it  replaced  by  mercury. 

When  high  temperatures,  obtained  by  direct  application 
of  a  flame,  are  used,  it  is  of  interest  to  know  what  the 
temperature  in  the  bulb  is.  Nilson  and  Petterson,  V.  Meyer 
and  others  have  accomplished  this,  making  use  of  the 
bulb  itself  as  an  air  thermometer,  by  noting  the  quantity 

c  2 
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of  air  expelled  from  it  whilst  heated  up  from  atmospheric 
temperature  to  the  temperature  of  the  experiment.  For 
details  we  must  refer  to  the  originals ' . 

The  other  chief  method,  that  of  Gay-Lussac  and  Hofmann, 
may  conveniently  be  described  here,  although  it  is  not 
much  use  for  molecular  weight  determinations.  It  is 
capable  of  much  more  accuracy  than  the  others,  and  is 
suitable  for  taking  measurements  over  a  considerable  range 
of  (low)  pressures,  though  only  at  moderate  temperatures 
on  account  of  the  evaporation  of  the  mercury  in  the  working- 
tube,  but  it  is  far  more  elaborate  and  troublesome  to  carry 
out,  so  that  it  would  never  be  used  in  cases  in  which 
Victor  Meyer's  method  was  available.  It  consists  essentially 
in  placing  a  weighed  amount  of  liquid  at  the  top  of  a'  baro- 
meter tube,  surrounded  by  a  heating- jacket,  and  noting 
the  volume,  pressure,  and  temperature  of  the  vapour  pro- 
duced. The  pressure  exerted  by  the  vapour  is  measured 
by  the  depression  of  the  mercury  in  tlie  tube,  and  obviously 
the  pressure  must  be  less  than  that  of  the  atmosphere. 
A  simple  modification,  however,  allows  of  a  considerable 
extension  in  the  range  of  pressures :  if  the  reservoir  of 
the  barometer  tube  be  made  of  strong  glass  and  closed 
at  the  top,  air  may  be  pumped  into  it,  so  that,  practically, 
the  experiment  may  be  performed  in  an  artificial  atmosj)here 
of  pressure  equal  to  a  metre,  or  more,  of  mercury.  This 
modification  is  of  value  when  it  is  desired  to  trace  out  the 
relations  between  volume  and  pressure  of  a  fluid,  though 
unnecessary  when  an  ordinary  molecular-weight  determina- 
tion is  in  question.  The  accompanying  figure  (Fig.  2), 
taken  from  a  paper  by  S.  Young  and  G.  L.  Thomas  ^  shows 
the  modified  apparatus.  It  consists  of  a  mercury  reservoir 
E,  in  which  dips  the  barometer  tube  a,  which  is  graduated 

'  Langer  and  V.  Meyer,  PyrocliemiscM  Untersuchungen,  Braunschweig, 
1885. 

"  Proc.  Phys.  Soo.  13.  659  (1895). 
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in  millimetres  throughout  its  length,  and  is  wide  for  the 
greater  part  of  its  length,  in  order  to  hold  a  greater  mass 
of  vapour.  Pressures  are  read  olf  it  directly,  and  have  to 
be  corrected  for  the  temperature  to  which  the  mercury 
column  is  raised  ;  for  the  measurement  of  volume,  the  tube 
is  previously  calibrated.  The  tube  fits  through  a  rubber 
cork,  which  also  supports  the  jacket  c.  The  upper  part 
of  A  is  connected  through  a  side  tube  g  with  a  pump  and 
gauge  J  H  K,  so  that  the  air  in  a  may  be  brought  to  a  higher 
or  lower  pressure  as  desired,  and  the  pressure  measured. 
The  jacket  is  of  the  pattern  recommended  by  Eamsay  and 
Young,  allowing  the  liquid  in  c'  to  be  boiled  under  reduced 
pressure :  d  is  a  short  reflux  condenser,  m  a  reservoir  of 
air  to  keep  the  pressure  more  steady,  and  no  a  mercury 
gauge.  This  method  of  jacketing  is  a  most  convenient 
one  for  many  purposes,  as  by  the  choice  of  a  few  stable 
liquids  easily  obtained  pure,  it  is  possible  to  produce  anj- 
required  temperature  up  to  350°  and  maintain  it  indefinitely. 
Eamsay  and  Young^  prepared  a  set  of  tables  showing  the 
temperatures  corresponding  to  certain  vapour  pressures  of 
carbon  disulphide,  alcohol,  chlorobenzene,  bromobenzene, 
aniline,  methyl  salicylate,  bromonaphthalene,  and  mercury. 
To  obtain  a  given  temperature,  choose  the  most  appropriate 
of  these  liquids,  and  placing  it  in  the  jacket,  reduce  the 
pressure  to  that  quoted  in  the  tables  for  the  temperature 
required ;  on  heating  the  bulb  c'  the  liquid  will  boil  and 
maintain  this  temperature  in  any  apparatus  the  jacket 
encloses. 

§  3.    Molecular  Weight  in  Solutions :  Osmotic 

Pressure. 

Of  late  years  great  advances  have  been  made  in  the 
direction  of  measuring  the  molecular  weight  of  bodies  in 
the  liquid  form.    The  results  obtained  for  pure  liquids  are 

1  J.  C.  S.  47.  640-57. 
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still  open  to  considerable  doubt,  as  the  methods  by  which 
they  are  obtained  are  either  lacking  in  generality  or 
insufficiently  clear  from  the  theoretical  standpoint,  but  for 
the  highly  important  class  of  solutions  molecular  weights 
may  be  regarded  as  known  with  as  much  precision  as  for 
gases.  This  is  due  chiefly  to  the  analogy  drawn  by  van 't 
Hoff  between  dilute  solutions  and  gases.  From  the  point  of 
view  of  the  molecular  theory,  the  properties  of  gases  are 
simply  explained  by  the  relative  freedom  from  interaction 
of  gaseous  molecules.  In  a  liquid,  the  molecules,  though 
moving  with  considerable  velocity  and  freely  changing  their 
relative  positions,  are  nevertheless  so  closely  packed  that 
they  are  always  either  in  contact  with  neighbouring 
molecules,  or  at  least  near  enough  to  suffer  appreciable 
forces  of  attraction  and  repulsion  from  them ;  but  when 
a  liquid  is  vapourized  under  the  customary  pressure,  it 
expands  something  like  a  thousand-fold,  so  that  the  average 
distance  between  two  adjacent  molecules  in  any  direction  is 
increased  tenfold.  Now  the  forces  between  molecules  fall 
off  very  rapidly  indeed  as  the  distance  between  them 
increases,  so  that  in  such  a  vapour  they  are  almost 
negligible.  It  follows  that  the  properties  of  a  vapour  or 
gas  can  be  calculated  from  a  consideration  of  its  molecular 
movements  alone ;  in  other  words,  by  considering  the  kinetic 
energy  of  the  molecules,  neglecting  any  potential  energy 
the  substance  may  possess  on  account  of  internal  attractions 
and  repulsions.  The  result  of  such  calculation  is  in  accord- 
ance with  the  laws  of  gases  as  derived  from  observation, 
viz.  (1)  the  pressure  exerted  by  a  gas  is  proportional  to  the 
number  of  molecules  per  unit  of  volume  (i.e.  proportional 
to  the  density)  (Boyle) ;  (2)  regarding  the  absolute  tempera- 
ture as  being  the  expression  of  the  mean  Mnetic  energy  of 
translation  of  a  molecule  (therefore  proportional  to  the  square 
of  the  mean  velocity),  the  pressure  of  a  gas  is  proportional 
to  its  absolute  temperature  (Charles  and  Gay-Lussac).  The 
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exact  result  is  that  the  pressure  may  be  put  =  ,  where 

3 

m  =  mass  of  a  molecule,  n  =  number  of  molecules  per  c.c, 

u  =  mean  velocity '.    Now  mxn  =  mass  of  1  c.c.  of  the  gas, 

, ,      mnu^  .     ,     ,  .  . 
so  that  — - —  IS  the  kmetic  energy  of  translation  of  the 

molecules  (apart  from  any  kinetic  energy  they  may  possess 
on  account  of  rotations,  internal  vibration,  &c.).  It  follows 
that  the  pressure  of  a  gas  is  numerically  equal  to  two-thirds 
of  the  kinetic  energy  of  translation  of  its  molecules.  This 
result  holds  for  all  gases,  so  that  if  any  two  gases  have  the 
same  pressure  they  must  have  the  same  amount  of  kinetic 
energy  of  translation  per  c.c.  ;  but  if  they  also  possess  the 

same  temperature,  the  product        is  the  same  for  each  : 

hence  in  two  gases  at  the  same  temperature  and  pressure  n, 
the  number  of  molecules  in  unit  volume  is  the  same 
(Avogadro). 

Now  the  molecules  of  a  substance  in  solution  are  capable 
of  producing  an  effect — known  as  osmotic  pressure — between 
which  and  gaseous  pressure  a  very  close  analogy  exists.  To 
show  osmotic  pressure  it  is  necessary  first  to  find  a  material 
which  is  pex'meable  for  the  solvent  but  not  for  the  dissolved 
substance.  Such  semi-permeable  membranes  occur  com- 
monly in  the  tissues  of  animals  and  plants,  and  they  have 
been  constructed  artificially,  the  best  known  form  being  the 
precipitate  produced  at  the  surface  of  contact  of  a  solution 
of  copper  sulphate  with  one  of  potassimn  ferrocyanide. 

^  Properly  speaking,  the  square  root  of  the  mean  square  velocity : 
got  by  dividing  the  sum  of  the  squares  of  the  velocity  of  each  mole- 
cule by  the  number  of  molecules,  and  then  extracting  the  square  root, 

or  M  =  -v   ^  ^ — '-^^  where  %,  Mj,      &c.,  are  the  velocities 

n 

of  the  individual  molecules.    Tliis  is  not  the  same  thing  as  the  true 

,      .,  2(Mi+Ma  +  M3  +  ...) 

mean  velocity  =  — ^— ^   . 
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The  copper  ferrocyanide  membrane  is  freely  permeable 
for  water,  but  practically  impermeable  for  substances  with 
high  molecular  weights,  such  as  sugar.  An  osmotic  cell, 
then,  may  be  constructed  according  to  the  directions  of 
Pfeffer'  by  filling  a  porous  earthenware  jar  with  sugar 
solution,  containing  a  little  copper  sulphate,  and  immersing 
it  in  a  dilute  solution  of  ferrocyanide  ;  the  semi-permeable 
membrane  will  be  formed  in  the  interior  of  the  earthen- 
ware. The  molecules  of  sugar,  being  separated  somewhat 
widely  by  the  water  in  which  they  are  dissolved,  are  free 
from  one  another's  influence  in  the  same  sense  as  gas 
molecules  are,  and  wiW  produce  a  pressure  on  the  walls 
of  the  containing  vessel.  Now  the  only  way  in  which  the 
sugar  solution  can  expand  is  by  drawing  water  from  the 
outer  vessel  through  the  membrane  :  that  will  accordingly 
take  place,  and  constitutes  the  phenomenon  known  as 
osmosis.  The  level  of  liquid  inside  the  cell  will  rise  above 
that  outside,  and  will  continue  to  rise  until  the  pressure 
due  to  the  liquid  column,  thus  set  up,  balances  the  osmotic 
pressure  in  the  cell.  In  carrying  out  the  experiment  it  is 
convenient  to  fit  the  earthenware  cell  with  a  cork,  through 
which  passes  a  narrow  upright  glass  tube,  and  to  immerse 
the  cell  in  a  large  mass  of  water  ;  the  rise  of  liquid  in  the 
narrow  tube  will  then  produce  equilibrium  before  so  much 
water  is  drawn  in  as  to  alter  sensibly  the  concentration  of 
the  sugar  solution,  and  in  this  way  the  osmotic  pressure 
of  solutions  of  varying  strength  can  be  measured.  If  the 
pressure  is  considerable — and  it  may  amount  to  several 
atmospheres — the  top  of  the  narrow  tube  may  be  connected 
to  a  compressed-air  manometer  instead  of  being  left  open 
to  the  air.  The  results  obtained  in  this  way  are  thoroughly 
in  agreement  with  van  't  Hoff's  theory,  showing  that  the 
osmotic  pressure  follows  the  laws  of  Boyle,  Charles,  and 

'  Osmotische  Untersuchungen,  Leipzig,  1877.  Cf.  also  Ramsay,  Osiw.  15. 
518. 
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Avogadro  ;  the  number  of  molecules  per  c.c,  which  in  the 
case  of  gases  is  represented  by  the  density,  being  here 
represented  by  the  'concentration,'  i. e.  the  mass  of  dissolved 
substance  in  a  unit  of  volume  of  the  solution.  The  concen- 
tration of  solutions  is,  as  a  matter  of  fact,  expressed  in 
several  different  ways,  each  of  which  is  convenient,  according 
to  circumstances.  Thus  it  may  be  expressed  in  grams  per 
100  gms.  of  solvent,  or  in  grams  per  100  gms.  of  the 
solution.  If  Cj  stand  for  the  first  of  these  quantities,  and 
for  the  second,  then 

^^-^^""TooTc: 

In  dealing  with  the  osmotic  pressure,  however,  it  is  more 
convenient  to  express  the  concentration  in  volume.  Thus, 
if  mean  the  mass  in  gms.  of  dissolved  substance  per 
100  c.c.  of  solution,  and  D  be  the  density  of  the  solution, 

C^  =  G^x  D. 

Still  more  convenient  is  the  mass  in  gram-molecules  per 
unit  volimae,  usually  in  this  case  the  litre.  If  C^  be  this 
last  quantity, 

where  M  is  the  molecular  weight  of  the  dissolved  substance. 

Further,  we  may  in  cases  find  it  convenient  to  express 
the  concentration  of  the  solution  by  the  ratio  of  the  number 
of  molecules  of  dissolved  body  to  the  number  of  molectdes 
of  solvent,  either  by  stating  the  number  of  the  latter  for 
one  of  the  former,  or  by  the  fraction  the  former  is  of  the 
total  number.  The  latter  quantity,  C^,  is  the  molecular 
fractional  concentration,  and 


\-C,  (l-(7,)-m- 

where  m  is  the  molecular  weight  of  the  solvent. 

Adopting  the  fourth  meaning  for  the  concentration — 
gram-molecules  per  litre— it  is  clear  that  two  solutions  will 
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have  the  same  concentration  when  they  contain  the  same 
number  of  molecules  in  unit  volume,  and  therefore  possess 
the  same  osmotic  pressure  {at  the  same  temperature). 
Pfeifer  found  for  solutions  of  sugar  in  water 

Concentration.        Osmotic  pressure.        Press.  -4-  cone. 

1%  53-5  cm.  53-5 

2  IOI-6  50-8 

2.74  151-8  55-4 

4  2082  52'I 

6  307.5  513 

These  numbers  are,  considering  the  difficulty  of  the 
experiment,  a  satisfactory  confirmation  of  Boyle's  law,  as 
applied  to  solutions  ;  while,  as  regards  temperature  varia- 
tion, he  found  for  a  i  per  cent,  solution 

Temji.  Osmotic  pressure. 

6.8  50.5  cm. 

22-0  54.8 
360  56.7 

numbers  which  are  very  fairly  represented  by  the  equation 

0     (273  +  «) 

Far  more  evidence  has,  however,  been  accumulated  by 
means  of  indirect  measurements  of  the  osmotic  pressure, 
which  we  shall  have  to  consider  later.  Manipulation  of 
semi-permeable  membranes  is  difficult,  and  their  impermea- 
bility to  dissolved  substances  is  by  no  means  perfect,  and 
the  method  has  been  but  rarely  used.  Another  method  in 
which  direct  use  is  made  of  osmotic  pressure  and  living 
cells  form  the  means  of  obseiwation  has  met  with  rather 
more  applications.  A  living  plant-cell,  a  blood  corpuscle, 
or  a  bacterium,  consists  of  a  layer  of  protoplasm  containing 
the  sap  or  fluid  of  the  cell ;  the  sap  is  a  moderately  strong 
solution  of  various  salts  and  other  soluble  substances,  mostly 
organic,  and  has  a  very  appreciable  osmotic  pressure.  The 
enclosing  protoplasm  acts  as  a  semi-permeable  membrane, 
so  that  when  the  cell  is  immersed  in  water  it  keeps  taut. 
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If  the  cell  is  exposed  to  the  air,  evaporation  may  diminish 
the  contained  water  so  that  it  no  longer  possesses  sufl&cient 
rigidity — as  when  a  plant  drooj)s  for  want  of  rain.  If  the 
cell  be  placed  in  a  solution  of  osmotic  pressure  greater  than 
its  own,  a  similar  phenomenon,  known  as  plasmolysis,  is 
observed,  water  being  withdrawn  osmotically  from  the  cell- 
sap,  so  that  the  cell  shrinks.  De  Vries^  and  others  have 
in  that  way  compared  the  osmotic  strength  of  various 
substances  by  observing  the  least  concentration  of  each 
required  to  plasmolyze  Hving  cells.  For  instance,  the 
concentrations  (expressed  in  gram-molecules)  required  to 
produce  the  same  osmotic  effect  were 

Grlycerine,  CaHgOs  .  .  .  1-78 
Laevulose,  CgHijOj  .  .  .  i'88 
Cane-sugar,  C12H22O11  .  .  .  i-8i 

— practically  identical,  showing  that  the  moleciilar  weights 
do  correspond  to  the  chemical  formulae  given. 

All  these  results  may  be  summarized  by  saying  that 
dilute  solutions,  like  gases,  follow  the  characteristic  equation 

PV  =  RT, 

where  P  now  means  the  osmotic  pressure,  and  V  the 
'  dilution '  (reciprocal  of  the  concentration),  i.  e.  the  volume 
occupied  by  one  gram-molecule  of  the  dissolved  substance. 
If  P  be  in  dynes  per  sq.  cm.,  and  V  in  c.c,  the  value  of  B, 
as  shown  in  the  introduction,  is  83,157,000.  Thus,  for 
example,  a  solution  contains  1  gm.  of  cane-sugar  in  100  gms. 
— therefore  100  c.c. — of  water.  The  molecular  weight  of 
sugar  is  342,  so  that  the  volume  containing  1  gm.  mol.  is 
34,200  c.c.  ;  hence 

P  =  83,157,000  34,200. 

At  22"  centigrade,  i.  e.  T  =  273  +  22,  this  gives 

P  =  712,000  C.  G.  S.  units  =  0-712  atmos. 

^  De  Vries,  Ostw.  2.  414  ;  Hamburger,  I.e.  6.  319. 
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Pfeffer,  as  mentioned  above,  found  P  =  54-8  cms.  of  mercury 
or  54-8  -r-  75  =  0-731  atmos. 

Since  the  osmotic  pressure  of  a  solution  tends  to  attract 
and  retain  water  in  the  solution,  it  will  offer  a  resistance 
to  any  process  which  tends  to  remove  water.  Evaporation 
and  refrigeration  are  such  processes,  and  accordingly  the 
tendency  to  the  formation  of  vapour  or  ice  from  a  liquid 
will  be  lessened  by  the  solution  in  it  of  a  substance  that 
will  not  itself  evaporate  or  crystallize  out ;  in  other  words, 
the  boiling  point  of  the  liquid  will  be  raised,  and  its  freezing 
point  lowered.  The  alteration  may  be  considered  quanti- 
tively  in  the  following  way. 

§  4.    Vapour  Pressure  of  Solutions. 

Imagine  an  osmotic  cell,  such  as  used  by  Pfeffer,  provided 
with  a  vertical  gauge  tube,  open  at  the  top,  the  whole  being 
placed  in  an  enclosure  free  from  air  so  that  the  enclosure 
may  become  saturated  with  vapour,  and  let  the  whole  be 
maintained  at  a  constant  temperature. 

Then  the  liquid  both  inside  and  outside  the  porous  cell 
will  eventually  come  into  equilibrium  with  the  vapour. 
But  the  pressure  on  the  two  liquid  surfaces  is  not  the 
same ;  for  the  solution  inside  the  cell  is  at  a  higher  level, 
by  h  cms.  say,  than  the  solvent  outside ;  consequently  the 
vapour  pressm-e  on  the  solution  is  less  than  that  on  the 
solvent  by  the  pressure  of  a  column  of  vapour  li  cms.  high. 
This  will  be  made  plainer,  perhaps,  by  the  following- 
argument:  suppose  the  satiu-ation  pressure  of  solvent  and 
solution  were  the  same  ;  then,  if  the  vapour  pressure  in  the 
receiver  be  in  equilibrium  with  the  solvent,  it  will,  h  cms. 
higher  up,  be  below  the  saturation  pressure  of  the  solution  ; 
some  of  the  solution  will  therefore  evaporate,  and  the 
pressure  in  the  receiver  will  rise.  The  pressure  of  the 
vapour  in  contact  with  the  solvent  will  become  too  high, 
and  condensation  will  occur  there  ;  in  other  words,  distilla- 
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tion  from  the  inside  to  the  outside  of  the  cell  will  take 
place.  Now  the  solution  will  in  this  way  become  stronger, 
and  so  will  attract  water  osmotically  through  the  semi- 
permeable membrane,  so  that  a  cyclical  process  will  be 
set  up,  which  would  go  on  of  its  own  accord  for  ever.  It 
is  almost  obvious  that  such  a  state  of  things  could  not 
occur ;  it  would,  moreover,  be  in  formal  contradiction  with 
the  second  law  of  thermodynamics  (see  chap.  iii).  We  are 
thus  led  by  a  reductio  ad  absurdum  to  the  above  conclusion 
as  to  the  difference  between  saturation  pressures  of  solvent 
and  solution,  viz. 

where         =  saturation  pressure  of  solvent  at  T, 
=  saturation  pressure  of  solution  at  T, 

g  =  acceleration  of  gravity  sec^  '^ ' 

li  =  height  of  osmotic  cell, 
d  =  density  of  vapour  ; 
or  as  we  may  more  conveniently  write  it 

qhm 

where  m  =  molecular  weight  of  the  solvent  in  form  of 
vapour, 

=  molecular  volume  of  the  vapour  of  solvent. 
•  Now  since  the  osmotic  pressure  follows  the  same  laws  as 
the  gas  pressure,  we  have 

p^v^  =  PV  =  RT, 

where  7  is  the  molecular  volume  (or  dilution)  in  c.c.  per 
gm.  of  the  dissolved  substance.  Hence 

r\    Jfi.  —    PV  ' 

but  the  osmotic  pressure  P  =  gJiD,  where  D  is  the  density 
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of  the  liquid  (practically  the  density  of  the  solvent,  since  the 
solutions  are  supposed  dilute).  Hence 

^2  _  gli-  M  _  ghM  _  M  ^ 

but  ^  is  the  number  of  gram-molecules  of  solvent  in  unit 
M 

volume,  while  is  the  concentration,  i.  e.  number  of  gram- 
molecules  of  dissolved  substances  in  unit  volume :  so  v^e 
arrive  at  the  simple  rule 

number  of  molecules  of  dissolved  substance 
~         number  of  molecules  of  solvent 

The  quantity  ^— — —  is  called  the  'relative  lowering  of 

vapour  pressure.'  The  rule  with  regard  to  it  was  found 
empirically  by  Eaoult. 

[The  above  argument  is  somewhat  inexact,  mathematically. 
It  should  refer  to  the  infinitesimal  change  of  vapour  pressure 
due  to  an  infinitesimal  change  of  concentration  in  the 

solution,  and  lead  to  an  expression  for  —  instead  of  — ~  > 

which,  when  integrated,  gives  log ^^j— log 2^2  =  'dV~  ^^^^^ 

of  numbers  of  molecules  of  dissolved  substance  to  those  of 
solvent.  The  difi"erence  is,  however,  inappreciable  unless  the 
solution  is  very  strong.  Thus  a  10  pe^*  cent,  sugar  solution 
contains  1  gm.  molecule  of  sugar  in  3,420  gms.  of  water,  i.  e. 
in  190  gm.  molecules  of  water:  it  should  therefore  depress 
the  vapour  pressure  by  part.  If  we  take  the  effect  at  the 
ordinary  boiling  point,  the  pressure  760  mm.  for  pure  water 
becomes  750  for  the  solution.    The  exact  formula, 

logpi-log;;^  =  T^o 
(remembering  that  the  logarithms  are  '  natural '  or  '  Na- 
pierian'), gives  x>2=  756-01  mm.,  so  that  even  in  this  case 
it  is  practically  unnecessary  to  use  it.] 
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Since  the  relative  lowering  of  vapour  pressure  depends 
only  on  the  ratio  of  the  number  of  molecules  present,  it  is 
independent  of  the  temperature — except  in  cases  where  the 
molecular  weight  varies  with  temj)erature  on  account  of 
dissociation. 

It  is  essential  to  remark  that  in  the  preceding  theory, 
although  M,  the  molecular  weight  of  the  dissolved  substance, 
refers  to  that  substance  in  the  liquid  state  (producing 
osmotic  pressure),  m,  the  molecular  weight  of  the  solvent, 
refers  to  the  solvent  in  the  gaseous  state  (being  derived 
from  vapour  pressure  measurements),  and  no  assumption 
is  made  that  the  liquid  solvent  is  in  the  same  molecular 
condition  as  its  vapour.  Neglect  of  this  point  has  led  to 
the  erroneous  opinion  that  by  observations  of  lowering  of 
vapour  pressure  (and  rise  of  boiling  point,  lowering  of 
freezing  point,  &c.)  information  could  be  obtained  on  the 
molecular  weight  of  the  solvent  in  the  liquid  state. 

§  5.    Boiling  Point  of  Solutions. 

The  above  relation  may  be  regarded  on  the  basis  of 
a  method  for  determining  molecular  weights,  for  if  the 
molecular  weight  of  the  dissolved  body  be  unknown,  the 
equation  gives  the  means  of  calculating  it  from  observation 
of  the  vapour  pressure  of  its  solutions.  It  is  not  customaiy, 
however,  to  make  use  of  it  dii-ectly,  but  to  determine  the 
rise  in  boiling  point  of  the  solvent  due  to  dissolution  of 
solid  in  it,  which  is  the  necessary  correlative  of  lowered 
vapour  pressure. 

The  connexion  between  the  two  may  be  found  by  means 
of  the  equation 

logp  =  —        +  constant, 

which  represents  the  change  of  saturation  pressure  with 
temperature.  I  is  the  latent  heat  of  evaporation  of  the 
solvent,  and  M  its  molecular  weight.   This  equation,  which 
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is  derived  from  thermodynamical  reasoning,  and  is  verified 
by  experiment,  will  have  to  be  considered  later  :  at  present 
we  must  assume  it,  and 
make  use  of  it  to  evaluate 
the  osmotic  pressure. 

Now  if  at  temperature 
Tq  the  solvent  have  a 
vapour  pressure  p^  but 
the  solution  p^,  then  at 
a  slightly  higher  tem- 
perature T  the  solution 
will  have  a  vapour  pres- 
sure ^1,  and  T—Tq  is  the 


To  T 


Fig.  3. 


extent  to  which  the  boil- 
ing point — under  pres- 
sure   — is  raised  by  the  dissolution  of  the  solid.  Applying 
the  above  equation,  since 

ml 


and 

by  subtraction 


log  7^1  =  -^+  constant, 
logl>2  =  -        +  constant, 


logp,-logp,  =  ^  - 


or,  writing  t  for  the  rise  of  boUing  point, 

mlt 


RT^T 


To  get  the  osmotic  pressure  in  terms  of  the  change  of 
vapour  pressure,  we  have,  by  the  previous  reasoning  on  the 
osmotic  height,  that 

P  :  Pi  —2>2  '  density  of  solution  :  density  of  vapour, 


or 


d 
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but  the  density  of  the  vapour  =       where  v  as  usual  is  tlic 

molecular  volume,  and  this  by  the  characteristic  equation 

is  =  Hence 

p  ^jZR  or  = 

p        m  p  RTD' 

(n)  —  p  \ 

For  the  same  reason  as  before,  the  fraction  — — —  repre- 

P 

senting  the  relative  lowering  of  vapour  pressure  should, 

exactly,  be  log    -  log  ]\  =  • 

Combining  this  vnth  the  result  just  found  for  the  change  in 

boiling  point,  we  have 

mP        mlt  „  ItD 

or  P  = 


BTD  RT,T 
As  examples  of  this  result  take  for  aqueous  solutions  : 
I  =  536-4  calories  =  536-4  x  42,000,000  ergs  ; 
Z)  =  0-959  (at  the  boiling  point)  ; 
273+  100. 

„     586-4x42 ,000,000x0-959 
Hence    P  =  t 

=  57,900,000^  dynes  per  sq.  cm.  =  57-9t  atmospheres ; 
i.e.  a  rise  of  one  degree  in  the  boiling  point  implies  an 
osmotic  pressure  of  57-9  atmos. 

For  benzene,  the  latent  heat  being  much  smaller,  the 
change  of  boiling  point  is  much  greater. 

Z  =  93-4  calories  ; 
D  =  0-815  ; 
T  =  273  +  80  ; 
93-4x42,000,000x0-815 
353 

=  9,060,000 «  in  C.  G.  S.  units  =  9-06 <  atmospheres. 
Keturning  to   the   practical   problem   of  determining 
molecular  weights,  we  may  use  the  elevation  of  the  boiling 
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point  instead  of  the  depression  of  the  vapour  pressure. 

Suppose  a  solution  contains  one  gram-molecule  of  solid  in 

.    100     ,  .         ^.  , 
100  gms.  of  solvent,  therefore  m         cubic  centimetres. 

Substituting  this  value  of  V  in  the  characteristic  equation 

PV  -  RT, 
RTD 


we  have  P  = 

but  since  P  = 


100  ' 
UD 

it  follows  that  in  this  case 


^=100^  =  ^"""'"^' 
where  t.^  is  the  quantity  called  by  van 't  Hoff  the  '  molecular 
elevation  of  the  boiling  point ' ; 

R  =  83, 157,000  ergs.  =  1-9845  calories, 

and  since  I  is  always  expressed  in  calories,  we  must  adopt 

the  same  unit  in  the  numerator  and  write 

0-0198457'  0-02^2 
=   J  or  =  —  nearly. 

If  an  experiment  made  with  x  grams  of  an  unknown 
substance  to  100  gms.  of  solvent  give  a  rise  of  boiling 
point  t,  then 

molecular  weight 

X  t 

The  method  of  determining  molecular  weights  by  the 
boiling  point  of  solutions,  as  well  as  that  by  the  freezing 
point,  has  come  to  be  associated  with  the  name  of  Beck- 
mann,  since  he  has  worked  out  its  practical  details  to  the 
most  minute  point,  and  his  form  of  apparatus  has  been 
almost  universally  adopted.  The  latest  form  '  of  it  is  shown 
in  Fig.  4.  It  consists  of  the  boiling  tube  a  provided  with 
two  side  tubes     t^.       serves  for  the  introduction  of  the 

*  Beckmann,  Ostio.  21.  246. 
D  2 
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Fig.  4. 
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substance,  U_  carries  a  condenser  k.  The  boiling  tube  stands 
on  a  sheet  of  asbestos  l  and  a  piece  of  wire  gauze  d  ;  it  is 
also  supported  by  a  clamp  n.  As  an  air-jacket  to  the 
boiling  tube,  the  open  cylinder  of  glass  g  is  placed  round 
it,  and  surmounted  by  a  sheet  of  mica  s.  c  is  a  calcium 
chloride  tube,  to  be  used  with  hygroscopic  materials  or 
when  the  cooling  water  in  the  condenser  would  cause 
a  deposition  of  dew.  The  condenser  may  be  dispensed  with 
in  case  of  liquids  boiling  above  100°.  Kising  vertically 
from  the  boiling  tube  is  the  thermometer,  of  siDecial  construc- 
tion. As  it  is  only  intended  to  indicate  small  differences 
of  temperature,  it  is  made  with  a  very  large  bulb,  and  the 
scale,  extending  over  a  few  degrees  only,  is  divided 
(usually)  into  hundredths  of  a  degree  ;  but  to  make  the 
same  thermometer  available  for  the  boiling  point  of  various 
solvents,  such  as  benzene,  ethylacetate,  acetic  acid,  &c., 
a  small  bulb  is  provided  at  the  top  :  by  appropriate  heating 
and  shaking  more  or  less  of  the  mercury  can  be  separated 
and  stored  in  this  bulb,  so  that  the  mercury  in  the  stem 
when  at  the  desired  temperature  is  at  a  convenient  level 
on  the  scale.  The  solvent  may  be  introduced  by  a  pipette, 
or  weighed  out  in  the  boiling  tube,  which  can  be  hung  to 
the  arm  of  a  balance  ;  there  must  be  enough  of  the  liquid 
to  cover  the  thermometer  bulb,  for  which  purpose  10  c.c. 
suffices.  The  substance  to  be  dissolved  may  conveniently  be 
introduced,  if  solid,  in  the  form  of  a  small  pastille,  shaped 
in  a  steel  press ;  if  liquid,  by  means  of  a  small  pipette 
somewhat  similar  in  shape  to  a  Sprengel  pyknometer. 
The  liquid  will  not  boil  freely,  and  impart  a  constant 
temperature  to  the  thermometer,  unless  some  such  material 
as  glass  beads,  or  platinum  foil,  be  placed  in  the  boiling  tube. 
According  to  Beckmann,  some  10  to  20  grams  of  platinum 
foil  bent  into  small  tetrahedra  works  most  satisfactorily. 
If  then  the  flame  be  carefully  adjusted,  and  the  liquid  be 
boiled  for  about  half  an  hour,  the  reading  of  the  ther- 
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mometer  will  become  constant  to  Y^tr°  The  boiling  point 
of  the  solvent  is  thus  measured  on  the  arbitraiy  scale  of  the 
thermometer ;  a  weighed  quantity  of  the  substance  intro- 
duced, and  after  a  few  minutes  the  boiling  point  again 
observed,  in  order  to  determine  the  difference  t. 

The  value  of  the  molecular  elevation,  ^„„  for  various 
solvents  is  as  follows  (Ostwald) : — 


211 

Ethyl  acetate .    .  . 

26- 1 

Benzene     .    .    .  . 

26-7 

Acetone  .... 

i6-7 

Chloroform    .    .  . 

366 

Water  

5-2 

Carbon  disulphide  . 

23-7 

Ethylene  dibromide 

63.2 

Acetic  acid     .    .  . 

253 

Aniline  

32.2 

Ethyl  alcohol.    .  . 

II-5 

304 

As  an  instance  of  the  calculation  of  the  results,  we  will 
.  take  the  following  experiments  from  Beckmann's  work  :  — 

9-0464  gms.  cane-sugar  dissolved  in  41-73  gms.  of  water 
raised  the  boiling  point  0-317°.  Here  x,  the  percentage  of 
sugar,  =  21-68. 

The  molecular  weight  is  therefore 

=       =  21-68  X  ^  =  358  (while  C,,B.,,0,,  =  342]. 

Again,  1-5997  gm.  anthracene  in  56-74  gms.  benzene  raised 
the  boiling  point  0-408°.    x  =  2-82  per  cent. 

26-7 

Molecular  weight  ^  2-82  x  =  185 

(whHe  C,4Hjo=  178\ 

§  6.    Freezing  Point  of  Solutions. 

If  from  a  solution  some  of  the  solvent  be  frozen  out, 
since  the  volume  is  diminished,  the  osmotic  pressure  of  the 
remaining  solution  is  increased ;  thus  the  osmotic  pressure 
tends  to  resist  the  freezing,  and  the  freezing  temperature 
will  be  lower  than  that  of  the  pure  solvent.  The  extent  of 
the  lowering  may  conveniently  be  calculated  by  means  of 
the  rise  of  boiling  point  for  which  we  have  already  found 
an  expression. 
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Now  the  melting  point  of  a  substance  means  the  tem- 
perature at  which  two  modifications  of  it,  the  solid  and 
liquid,  exchange  stability.  Below  it,  the  solid  is  the  more 
stable,  but  the  liquid  is  capable  of  existing;  it  is  then  in 
the  state  known  as  '  undercooled,'  and  a  slight  disturbance 
is  sufficient  to  make  it  assume  the  more  stable  solid  form. 
Above  the  melting  point  the  liquid  becomes  the  more 
stable,  and  the  solid  has  not  been  obtained ;  but  in  pre- 
cisely analogous  cases  of  chemical  conversion,  e.  g.  of 
rhombic  into  monosymmetric  sulphur  at  95-6°,  it  is  possible 
to  obtain  both  forms  at  temperatures  both  below  and  above 
the  conversion  point ;  only  below  95-6°  the  rhombic  form  is 
the  more  stable,  while  above  that  temperature  the  mono- 
symmetric  form  is  the  more  stable. 

These  relations  are  well  brought  out  if  we  consider  the 
equilibrium  of  solid  and  liquid  with  their  vapour.  The 
liquid  has  a  definite  saturation  pressure  corresponding  to 
any  temperature,  and  the  curve  connecting  the  two  quanti- 
ties can  be  traced  out  a  good  many  degrees  below  the  normal 
freezing  point.  The  solid  also  sublimes  at  a  definite  pres- 
sure, varying  with  the  temperature  ;  and  the  variation  of 
this  can  be  traced  out  at  temperatures  below  the  freezing 
point.  Thus,  for  example,  for  benzene  it  has  been  found 
that :  — 


Temp. 

Saturation  pressure  over 

liquid. 

solid. 

0° 

26  6  mm. 

24.61 

1° 

28. 1 

26-31 

2° 

29.65 

28.17 

3° 

31-3 

30-18 

4° 

33-o6 

32-34 

5° 

34-93 

34-64 

6° 

36-69 

If  these  numbers  be  plotted  on  a  diagram  they  will  give 
two  curves  convex  to  the  axis  of  temperature,  adb  for 
the  liquid,  cd  for  the  solid.  It  will  be  noticed  that  cd 
lies  below  adb,  but  rising  more  steeply  cuts  the  latter  at  d, 
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and  if  prolonged  would  lie  above  the  line  for  the  liquid. 
The  state  with  lower  vapour  pressure  is  in  each  case  the  more 
stable,  so  that  cd  and  db  form  the  boundary  of  the  vapour, 
while  the  dotted  curve  ad  represents  an  equilibrium  be- 
tween undercooled  liquid  and  vapour  which  is  unstable.  At 
the  pressure  and  temperature  represented  by  d  the  liquid 

is  in  equilibrium  with  the 
vapour,  and  so  is  the  solid, 
consequently  liquid  and  solid 
are  in  equilibriimi  with  one 
another,  d  is  the  so-called 
'  triple  point, '  the  ojily  con- 
dition in  which  solid  liquid 
and  vapour  can  all  be  present 
together;  it  is  clearly  the  melt- 
ing point  of  benzene  under  a 
pressure  equal  to  that  of  the 
saturated  vapour.  The  num- 
bers quoted  above  give  for  d 
a  pressure  of  36-06  mm.  and  a  temperature  5-58'^.  The 
melting  point  under  atmospheric  pressure  will  be  nearly 
the  same  as  this,  but  not  quite,  for  the  melting  point  is 
raised  slightly  by  increase  of  pressure. 

Now  a  relation  between  the  sublimation  pressures  exists, 
similar  to  that  previously  quoted,  between  the  evaporation 
pressures.    (See  Fig.  6.) 
Thus,  if  T, : 
T 


vapour 


Fig. 


2>o  = 

Pi  = 

I,  = 

I.  = 


freezing  point  of  solvent, 
freezing  j)oint  of  solution, 
vapour  pressure  of  either  ice  or  solvent  at  1\ 
vapour  pressure  of  solvent  at  T, 
vapour  pressure  of  ice  at  T, 
latent  heat  of  evaporation  of  solvent, 
latent  heat  of  sublimation  : 


0> 
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ml.  /  I       1  \ 

where,  as  usual,  m  is  the  molecular  weight  (of  solvent) 
E  the  gas  constant.  Hence 

_            m  (L  — Zj)  / 1       1  \ 
logp,-logp,  =  ^Yj' 

and  we  may  put  \  —  \  =  \,  the  latent  heat  of  fusion  of  ice, 
since,  in  order  to  convert  ice  into  vapour,  it  might  either  be 
subhmed  direct,  with  an  expenditure  of  heat  I.,,  or  first 
melted  and  then  evaporated,  in  which  case  the  same  quan- 
tity of  heat  would  be  divided  into  the  two  portions  \  and 
Z,.  Hence 

logjp,  -log;;^  =  x(  I'  ~  y)' 

Nowj92  is  also  the  vapour  pressure  of  the  solution  at  T, 
for  that  is  the  point  at  which  ice  separates  out  from  it,  and 
ice  and  solution  are  simultaneously  in  presence  of  the 
vapour.  Hence  the  last  equation  shows  the  relation  be- 
tween the  pressures  of  solution  and  solvent  at  the  same 
temperature  T. 

But  we  have  seen  that  the  osmotic  pressure  P  is  con- 
nected with  the  vapour  pressures  by  the  equation 

where  JD  =  density  of  the  solution  (or  solvent,  since  the 
solution  is  dilute). 

Therefore  = 

-^0  -'0 
where  t  is  the  lowering  of  freezing  point  corresponding  to 
the  osmotic  pressure  P.    It  should  be  noticed  that  this 
expression  is  precisely  similar  in  form  to  that  previously 
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given  for  the  relation  between  osmotic  pressure  and  change 
of  boiling  point. 

For  example,  if  water  is  the  solvent,  the  osmotic  pressure 
per  degree  lowering  of  freezing  point  is 

P      80-0  X  42,000,000x  1-000  „ 

—  =  '-—TT   =  12,310,000  C.  G.  S.  units 

t  at  O 

=  12-31  atmos. 


=  4,026,000  C.  G.  S.  units 


For  benzene,  the  heat  of  fusion  being  30-08  and  the 
density  0-8875, 

F  _  30-08  X  42,000,000  X  0-8875 

T  ~  273  +  5-5 

=  4-026  atmos. 

Thus  the  freezing  point  of  a  one  per  cent,  sugar  solution 

has  been  found  to  be 
—  0^-059,  giving  an  os- 
motic pressure  of  0-73 
atmos.  or  54-4  cm.  of 
mercury  (calculated  pres- 
sure 49-4). 

The  freezing-point 
method  has  shown  itself 
in  practice  to  be  the  most 
convenient  method  of  de- 
termining the  osmotic 
pressure,  and  therefore 
the  molecular  weight  in 
solutions.  As  in  the  case  of  the  boiling  point,  if  one  gram- 
molecule  of  a  substance  is  dissolved  in  100  grams  of  solvent, 


and  therefore  in 


100 


cubic  centimetres,  the  characteristic 


equation  P  V  =  RT  gives 


RT  D 

P^t^^  =  0-01 9845  if'„Z>; 


100 


but  since  P  = 


it  follows  that  the  depression  t,  which  in 
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this  case  may  be  written  t^,  =  j          •    This  quantity 

is  the  'molecular  depression  of  the  freezing  point.'  If  then 
an  experiment  be  made  with  x  grams  of  an  unknown 
substance  to  100  gms.  of  solvent,  and  give  a  depression  of 
t  degrees,  molecular  weight  _  t,„, 

X  t 


§  7.    Practice  of  the  Freezing-point  Method. 

The  apparatus  for  determinations  by  the  freezing-point 
method  also  is  commonly  used  in  the  form  given  to  it  by 
Beckmann.  It  consists  of  a  stout  test-tube  A  (Fig.  7)  with 
a  side  tube  which  serves  conveniently  to  introduce  the 
materials.  It  is  closed  at  the  top  by  a  cork  carrying  the 
thermometer,  of  the  same  pattern  as  for  boiling-point  ob- 
servations, and  allowing  room  for  a  stirrer,  preferably  of 
platinum  with  a  glass  handle.  For  use  with  acetic  acid  or 
other  hygroscopic  solvent,  Beckmann  ^  has  described  a  stirrer 
consisting  of  a  gilt  iron  ring  with  platinum  wires  depending 
from  it,  lifted  up  and  down  by  the  action  of  an  electro- 
magnet through  which  an  intermittent  electric  current  is 
passed.  With  such  a  device  the  apparatus  can  be  completely 
closed  against  damp,  and  with  it,  or  any  mechanical  stirrer, 
more  constant  results  are  obtained  than  with  hand  stirring. 
The  test-tube  is  fitted  by  a  cork  into  a  shorter  and  wider 
tube  B,  which  serves  as  air-jacket  to  prevent  too  rapid 
changes  of  temperature.  This  again  is  supported  by  the  lid 
of  the  beaker  c,  in  which  is  contained  the  ice  or  freezing- 
mixture,  &c,,  required  to  freeze  the  solution.  To  make  an 
expeiiment  then,  enough  of  the  liquid  to  cover  the  bulb 
of  the  thermometer  is  weighed  out  in  the  test-tube,  or 
introduced  by  a  pipette :  about  10  c.c.  being  necessary.  The 
test-tube  without  its  jacket  is  then  inserted  into  the  freezing 

^  Ostw.  21.  241  (1896). 
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mixture  and  left  till  the  solvent  begins  to  freeze ;  it  is  then  re- 
moved, wiped,  placed  in  the  jacket  and  the  stiiTer  set  woi'king, 
and  after  sutiicient  constancy  is  attained,  the  thermometer 
is  read.  The  test-tube  is  then  removed,  and  the  substance 
to  be  dissolved  introduced  and  dissolved  by  stirring,  the 
stirring  being  kept  up  till  almost  all  the  ice  has  melted. 
The  test-tube  is  then  replaced  and  its  temperature  allowed 
to  fall  a  degree  or  so  below  the  freezing  point  of  the 
solution :  on  working  the  stirrer  ice  crystallizes  out  and 
the  thermometer  rises  to  the  freezing  point  of  the  solution, 
which  is  then  read. 

The  molecular  depression  for  the  most  common  solvents 
is  as  follows  (Ostwald) : — 


Water  .  .  .  18.9 
Acetic  acid  .    .  38-8 


Benzene  .  .  .  49-0 
Phenol    .    .    .  75-0 


As  a  specimen  of  the  results  obtained  we  may  quote  an 
experiment  in  which  2-47  grams  of  ethyl  benzoate  were 
dissolved  in  100  of  benzene.  The  lowering  of  the  freezing 
point  was  found  to  be  0-840^.  Hence  the  molecular  weight 
was  calculated  as — 

2-47  X  49-0--0.840  =  144  (Cg      COOC,      =  150). 

Much  attention  has  been  paid  to  the  freezing-point  method, 
not  merely  in  order  to  verify  molecular  weights,  for  which 
purpose  a  very  moderate  degree  of  accuracy  is  sufficient,  but 
also  to  determine  the  actual  value  of  the  osmotic  pressure. 
Here  it  is  clearly  necessary  to  get  as  accurate  results  as  possible, 
since  the  object  is  to  test  the  theoiy  put  forward  by  van 't 
Hoff,  according  to  which  osmotic  pressure  may  be  calculated 
in  the  same  way  as  gas  pressure.  The  laws  of  gas  pressure 
themselves  (Boyle's  and  Gay  Lussac's)  are  only  approximate, 
and  so  no  doubt  are  those  relating  to  the  osmotic  pressure  ; 
and  only  by  experiment  is  it  possible  to  find  out  with  what 
degree  of  exactness  they  hold.  In  order  to  make  a  freezing- 
point  determination  as  exact  as  possible,  it  is  necessary  to 
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pay  attention  on  the  one  hand  to  the  establishment  of  the 
equilibrium  of  temperature  aimed 
at,  and  on  the  other  to  the  instru- 
ment used  to  measure  it.  The 
precautions  to  be  taken  on  the 
latter  point  are  very  much  the 
same  as  in  any  exact  thermal  work 
—  calibration  of  the  thermometer 
scale,  study  of  the  change  of  zero 
point,  &c.  :  we  must  refer  to  the 
memoirs  on  freezing-point  deter- 
minations, or  to  the  treatises  on 
heat.  The  question  of  establishing 
the  temperature  equilibrium  is  of 
more  theoretical  interest.  Nernst^ 
was  the  first  to  point  out  that  the 
steady  temperature  assumed  by  a 
thermometer  placed  in  water  con- 
taining melting  ice  is  not  in 
general  the  temperature  of  the  ice. 
If  a  mass  of  liquid  be  placed  in  the 
freezing  apparatus,  and  be  exposed 
to  the  various  influences  which 
tend  to  change  its  temperature — 
radiation  to  the  freezing  mixture, 
radiation  from  the  warmer  objects 
in  the  room,  warming  by  the  air, 
by  the  action  of  the  stirrer — it  will, 
in  the  absence  of  any  solidification 
of  the  mass,  tend  to  assume  a 
certain  equilibrium  temperature, 
called  by  Nernst  the  '  convergence 
temperature.'  This  may,  according  to  circumstances,  be  above 
or  below  the  true  freezing  point.    Now  the  liquid  will,  if 

*  W.  Nernst  and  R.  Abegg,  Ostw.  15.  681-93  (1894). 
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undercooled  as  usual  in  the  experiment,  be  driven  towards  the 
freezing  point  at  a  certain  rate,  depending  on  the  rate  with 
which  ice  separates  out  from  it ;  but  it  will  also  be  driven 
towards  the  convergence  temperature  at  a  rate  depending 
on  the  various  external  circumstances.  The  temperature  it 
finally  assumes  therefore,  and  that  read  by  the  thermometer, 
will  be  a  compromise  lying  between  the  freezing  and  con- 
verging temperatures.  In  order  to  make  this  '  ajjparent 
freezing  point '  differ  as  little  as  possible  from  the  true  one, 
it  is  necessary  (1)  to  construct  the  apparatus  so  as  to  make  the 
external  circumstances  of  little  influence;  (2)  to  arrange  the 
temperature  of  the  freezing  mixture  so  that  the  convergence 
temperature  may  nearly  coincide  with  the  freezing  point. 
The  former  condition  may  be  attained  by  making  the  mass 
of  liquid  great — 1,000  c.c.  may  be  used  instead  of  the  10 
required  for  a  molecular- weight  determination — and  seeing 
that  it  is  well  isolated,  thermally,  from  its  surroundings : 
an  air-jacket  accomplishes  this.  For  the  second  condition 
it  is  necessary  to  watch  the  rate  of  movement  of  the 
thermometer,  when  the  liquid  is  considerably  above  its 
point  of  temperature  equilibrium ;  for  in  accordance  ^vith 
Newton's  law  of  cooling,  the  rate  at  which  the  temperature 
falls  will  be  proportional  to  its  excess  over  the  equilibrium 
temperature.  Thus  in  an  experiment  by  Wildermann  \  who 
has  worked  out  this  subject  with  great  completeness,  the 
thermometer,  reading  0-685°  to  start  with,  fell  by  30,  28,  27, 
26,  25,  24,  23,  22  thousandths  of  a  degree  in  successive 
intervals  of  five  minutes.  If  these  rates  of  fall  be  plotted 
as  ordinates  against  the  corresponding  temperatures  as 
abscissae  and  a  line  drawn  through  them,  it  will  be  found 
that  no  further  fall  of  temperature  will  occur  when  the 
temperature  of  the  liquid  is  —  0-l°:  this  then  is  the  con- 
vergence temperature.  Usually  the  convei'gence  temperature 
differs  much  more  from  the  freezing  point.  So  favourable 
1  M.  Wildermann,  Phil.  Mag.  (5)  44  459-86  (1897). 
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a  condition  can  only  be  obtained  by  the  use  of  a  moderate 
and  carefully  chosen  freezing  mixture  ;  it  should  not  be 
more  than  a  degree  or  two  below  the  freezing  point  to  be 
determined.  Some  experimentahsts  have  found  divergences 
of  ten  per  cent,  from  the  value  of  the  '  molecular  depression ' 
given  by  van 't  Hoff's  formula,  when  very  dilute  solutions 
are  measured  ;  but  Nernst  and  Wildermann's  work  shows 
that  the  divergences  are  really  too  small  to  detect  with  any 
certainty — in  other  words,  that  the  osmotic  pressure  may  be 
calculated  from  Avogadro's  law  with  an  error  less  than  the 
experimental  errors  of  the  freezing-point  method. 

§  8.    Dissociation  of  Gases. 

Measurements  of  the  osmotic  pressure,  whether  made 
directly,  or  by  means  of  the  change  produced  in  the  freezing 
or  boiling  point  of  a  solution,  give,  in  very  many  cases, 
values  for  the  molecular  weight  of  the  dissolved  substance 
in  accordance  with  the  commonly  accepted  chemical  formula. 
Exceptions,  however,  occur,  or  especially  one  extensive  and 
important  group  of  solutions  gives  anomalous  results,  which 
have  led  to  an  entirely  new  theory  on  the  nature  of  solutions. 
The  group  consists  of  aqueous  solutions  of  acids,  bases  and 
salts — in  a  word,  of  all  electrolytes.  It  is  found  that  all 
solutions  which  conduct  electricity  with  decomposition 
possess  an  osmotic  pressure  in  excess  of  that  calculated  from 
the  received  molecular  weight  of  the  dissolved  body.  There 
is  clearly,  therefore,  a  connexion  between  the  electrolytic 
property,  and  some  modification  of  the  molecular  condition ; 
and  since  the  osmotic  pressure  is  increased,  the  modification 
can,  in  accordance  with  Avogadro's  law,  only  be  a  decom- 
position of  the  molecules  which  increases  their  number. 
The  particular  decomposition  to  which  the  evidence  points 
is  a  dissociation  into  the  positive  and  negative  atoms,  or 
atomic  groups  which  form  the  electrolyte.  These  atoms  or 
groups  are  called  ions,  the  positive  or  cation  being  that 
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which,  in  an  electrolytic  cell,  is  carried  with  the  current, 
e.  g.  hydrogen,  metals,  the  NH^  grouj),  &c. :  the  negative 
or  anion  that  which  moves  in  the  oj^posite  direction  to  the 
electric  current,  e.  g.  chlorine,  the  NO3,  SO^  groups,  &c. 

In  order  to  understand  the  view  that  electrolytic  dis- 
sociation exists  in  such  solutions,  it  is  first  necessary  to 
study  dissociation  in  general,  especially  in  the  case  of  gases, 
which,  as  we  have  seen,  present  a  close  analogy  to  solutions. 

A  dissociation,  in  the  strict  sense  of  the  word,  is  a  chemical 
reaction  in  which  one  molecule  only  occurs  on  the  left  side 
of  the  equation,  and  this  decomposes  into  two  or  more. 

^^"^  I,  =  21, 

NH,C1  =  NH3  +  HC1, 
NH.COONH^  =  CO,  +  2  NH3 , 

are  instances  of  dissociation,  but  2  HI  =      + 1,  is  not. 

A  dissociation  is  a  reversible  reaction — one,  that  is,  that 
can  be  carried  out  in  either  sense  according  to  circumstances, 
according  to  the  pressure,  temperature,  and  quantities  of 
reagents.  It  is  therefore  never  theoretically  complete, 
either  one  way  or  the  other,  though  it  may  for  all  practical 
purposes  be  so :  whilst  over  a  certain  range  of  temperatm*e 
and  pressure  both  undissociated  and  dissociated  molecules 
are  present  in  considerable  quantity  together.  E.g.  follow 
out  the  effect  of  increasing  temperature  on  the  dissociation 
of  a  gas  kept  under  constant  pressure.  The  case  of  nitrogen 
tetroxide  has  been  carefully  studied  by  E.  and  L.  Natanson 
and  others.  At  low  temperatures  the  gas  is  colourless,  and 
has  a  density  forty-six  times  that  of  hydrogen  in  accord  with 
the  formula  showing  that  it  consists  almost  exclusively 
of  the  undissociated  molecules :  as  the  temperature  rises  it 
turns  a  red-brown  colour,  the  colour  of  the  dioxide,  which 
gradually  deepens  till  the  dissociation  is  complete.  At  the 
same  time  the  density  diminishes,  at  first  slowly,  then  faster 
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up  to  a  maximum,  then  more  slowly  again  till  it  becomes 
sensibly  twenty-three  times  that  of  hydrogen,  at  about  1 50° 
the  dissociation  being  then  complete.  The  course  of  the  dis- 
sociation is  shown  in  the  accompanying  small  figure  (Fig.  8), 
in  which  abscissae  represent  temperatures  and  ordinates 
vapour  densities:  the  curve  for  nitrogen  tetroxide  runs  at 
first  parallel  to  the  axis  of  temperature,  and  after  bend- 
ing downwards  becomes  eventually  again  parallel  to  the 

d 


N 


T 

Fig.  8. 

axis,  but  at  half  the  previous  height.  Any  other  physical 
property  of  the  gas  will  be  represented  in  a  somewhat  similar 
way.  The  degree  of  dissociation,  under  any  condition  of 
temperature  and  pressure,  is  the  fraction  of  the  whole 
number  of  molecules  then  dissociated  ;  it  may  be  reckoned 
from  the  vapour  density.  Thus  if  y  is  the  degree  of  dis- 
sociation and  V  the  volume  occupied  by  1  gram-molecule  of 
Nj04,  then,  since  the  same  weight  of  NO2  will  occupy  2v, 
we  have  for  the  actual  molecular  volume 

{\—y)v+yx2v  =  v{l  +  y), 

or  (1  +  )')  times  as  great  as  it  would  be  for  the  undissociated 
gas,  and  the  density  therefore  will  be  1  -f-y  times  as  small. 
For  example,  at  49-7°  and  498  mm.  the  density  was  31-0, 
refeiTed  to  hydrogen  at  the  same  temperature  and  pressure. 
Hence  31-0  =  46-0-i-(l +y), 
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and  7=0-483,  showing  that  very  nearly  half  the  molecules 
are  dissociated  under  these  circumstances. 

Since  dissociation  is  accompanied  by  an  increase  of  volume, 
the  degree  of  dissociation  is  greater  when  the  gas  occupies 
a  large  volume  than  when  it  is  contained  in  a  small  one ;  in 
other  words,  diminution  of  pressure  is  accompanied  by  an 
increase  of  dissociation,  as  is  shown  in  the  following  ex- 
ample ^  :  — 

Nitrogen  tetroxide  at  ar-s  . 

Pressure.  .  ^P'  ^J'  .  -y-  logJT. 

referred  to  air.  '  ° 

59.7  2.144  0.483  1.76 

117-6  2.318  .372  1-78 

230.6  2.486  .279  1.79 

327-1  2.589  .228  1.76 

367.1  2-599  -222  1.79 

492-1  2-674  -189  1.75 

617.6  2-709  -174  1.76 

There  exists  a  quantitative  relation  between  the  degree  of 
dissociation  and  the  volume  of  the  gas,  which  is  a  particular 
case  of  the  law  of  mass  action,  a  subject  to  be  discussed 
later.  We  may  content  ourselves  at  present  with  stating 
the  relation,  and  comparing  its  results  with  experience. 
The  relation  is  this :  if  the  reaction  takes  place  according  to 
the  equation  A  =  v j^B +v (.G  +  ... , 

and  the  concentration  (in  gram-molecules  in  unit  volume)  of 
AhQ  Ca'i  that  of  J?,  Cb,  and  so  on,  then 

CJ{=C^  xC^  X..., 
where  X  is  a  constant  (the  so-called  '  dissociation  constant '), 
or  in  words,  the  concentration  of  the  undissociated  molecules 
bears  a  constant  ratio  to  the  product  of  the  concentrations 
of  the  dissociated  molecules,  each  raised  to  a  power  equal  to 
the  number  of  such  molecules  liberated  in  the  reaction. 
The  simplest  case  is  that  of  dissociation  into  two  similar 
groups,  e.g.  I2  into  21 ;  then  we  have 

CrK  =  Cl 


1 


Ncatanson,  Wied.  24.  465  ;  27-  613. 
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so  that  the  concentration  of  molecular  iodine  is  (at  a  given 
temperature)  proportional  to  the  square  of  the  concentration 
of  atomic  iodine.  In  the  more  complicated  case  of  the 
dissociation  of  ammonium  carbamate  we  have 

^NHi  CDs  NHa      ~  ^ CO^  ^  ^NHs* 

Eeverting  to  the  case  of  dissociation  into  two  parts,  if 
y  is  the  degree  of  dissociation,  there  is  1  —  y  undissociated 
molecule  for  y  of  each  product  of  dissociation,  since  the 
latter  are  necessarily  produced  in  equal  quantity;  and  if 
these  quantities  occur  in  a  volume  v,  then  by  definition  the 
(l  —  y)  y 

concentrations  are  ^          and  -  respectively.    The  equation 

for  the  dissociation  constant  may  be  written 
^— ^  xK  =  l  X-  or  K  ^ 


V      V  v^l  — >) 

How  closely  this  theory  is  verified  by  experiment  is  shown 
in  the  foregoing  table  referring  to  nitrogen  tetroxide.  The 
second  column  shows  the  specific  gravity  of  the  gas,  at  the 
pressure  shown  in  the  first :  from  it  is  calculated  the  degree 
of  dissociation,  y,  in  the  third  column,  and  from  that  again 
the  dissociation  constant  of  which  the  logarithm  occupies 
the  last  column. 

The  dissociation  constant  for  gases  is,  of  course,  not  in- 
dependent of  temperature ;  at  low  temperatures  it  is  zero, 
since  y  is  zero,  whilst  at  a  high  temperature  it  tends  towards 
infinity,  since  y  tends  towards  unity. 

Dissociation  of  a  similar  character  occurs  in  some  solutions 
which  do  not  contain  an  electrolyte.  Thus,  for  instance, 
when  nitrogen  tetroxide  is  dissolved  in  chloroform  it  partly 
dissociates  into  the  dioxide,  just  as  when  it  occurs  in  the 
gaseous  form  ;  the  '  dilution  '  (c.c.  per  gram-molecule  of  dis- 
solved substance)  of  the  solution  plays  the  same  part  as  the 
(molecular)  volume  of  the  gas,  so  that  the  more  dilute  the 
solution  is  made,  the  greater  the  proportion  of  the  tetroxide 

E  2 


52 


PHYSICAL  CHEMISTRY 


dissociated.  Again,  acetic  acid,  both  gaseous  and  in  benzene 
solution,  has  a  pressure  corresponding  to  the  formula 
C^HgO^,  and  only  on  expansion  of  the  gas,  or  dilution  of 
the  liquid,  gradually  breaks  up  into  the  normal  molecules 
C  HjOj.  So  also  with  chloral  hydrate.  On  volatilization  it 
breaks  up  partly  into  chloral  and  water,  on  solution  in  glacial 
acetic  acid  the  same  thing  takes  place ;  for  instance,  a  solution 
containing  1-179  gms.  of  chloral  hydrate  CCl3CH(OH)2  in 
100  gms.  of  acetic  acid  showed  a  depression  of  the  freezing 
point  of  0-385°.  The  depression  calculated  from  the  mole- 
cular weight  165  and  the  molecular  depression  for  acetic 

acid  (38.8)  is  =^l±2^^o.2ir. 

165 

The  observed  depression  is  therefore  1-38  times  that  due 
to  the  molecules  of  chloral  hydrate,  and  it  is  to  be  concluded 
that  0-38  of  those  molecules  have  broken  up  into  chloral 
and  water.  The  effect  of  dilution  is  clearly  shown  by  the 
measurements,  as  a  solution  four  times  as  strong  as  the 
above  indicated  0-25  dissociation,  while  one  five  times  as 
weak  indicated  0-52. 

§  9.    Electrolytic  Dissociation. 

Such  dissociation  as  this  follows  in  the  lines  of  ordinary 
chemical  theory,  and  does  not  introduce  any  new  groups  of 
atoms  of  a  character  incapable  of  independent  existence, 
according  to  accepted  views  ;  on  the  contrary,  the  products 
of  dissociation,  whether  gaseous,  as  ammonia  and  hydro- 
chloric acid  from  ammonium  chloride,  or  in  solution,  as 
chloral  and  water  from  chloral  hydrate,  are  all  known 
independently  as  stable  compounds  ;  and  at  the  same  time 
the  exceptional  phenomenon  of  electrolytic  conduction  does 
not  occur.  Electrolytic  dissociation,  on  the  other  hand, 
was  quite  unthought  of  before  the  theory  of  solutions  was 
developed,  and  it  is  quite  contrary  to  traditional  chemical 
views  to  suppose  that  such  a  substance  as  sodium  chloride, 
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a  typically  stable  compound,  should  dissociate  on  solution 
in  water,  and  that  free  atoms  of  sodium  and  of  chlorine 
should  be  capable  of  existence  together  in  the  same  liquid. 
Nevertheless  there  is,  as  we  shall  see  in  the  sequel,  an 
extraordinary  abundance  and  variety  of  evidence  that  such 
is  the  case. 

In  the  first  place,  the  osmotic  pressure  of  salt  solutions 
is  greater  than  that  calculated  according  to  Avogadro's  law, 
assuming  the  usual  molecular  formulae  to  hold  for  the 
dissolved  electrolyte.  We  have  seen  that  the  osmotic 
pressure  can  be  measured  successfully  either  by  plasmolysis 
or  by  the  change  of  freezing  and  boiling  points,  in  the  case 
of  non-electrolytes  (cane-sugar,  glycerine,  urea,  &c.)  dissolved 
in  water.  There  is  no  reason,  then,  to  suspect  the  same 
methods  when  applied  to  electrolytes ;  the  results  are  of 
the  kind  shown  in  the  following  table,  which  is  derived 
from  Arrhenius'  measurements ',  to  whom  a  clear  formula- 
tion of  the  theory  of  electrolytic  dissociation  is  due.  The 
numbers  show  the  values  of  van 't  Hofif's  factor  t,  which 
expresses  the  ratio  of  the  observed  osmotic  pressure  to  that 
calculated  for  the  case  of  no  dissociation.  The  first  two 
columns  show  t  as  found  by  plasmolysis  and  by  the  freezing 
point  respectively  ;  the  third  gives  the  values  deduced  from 
the  electrolytic  conductivity  in  a  way  to  be  explained  below. 


Concen- 

I 

tration. 

I 

II 

III 

Cane-sugar  . 

■  0.3 

I-OO 

1 .08 

Acetic  acid  . 

•  0.33 

1-04 

I.OI 

I.Br 

1-93 

1.86 

1-92 

1.94 

1-84 

MgSO,     .  . 

.  0.38 

1.25 

I -20 

1-35 

CiiN.,06     .  . 

.  o-i8 

2.48 

2.47 

2.46 

SrClj    .    .  . 

.  o-iB 

2.69 

2-52 

2.51 

KjFeCeNe  . 

.  0.356 

3-09 

3-07 

It  will  be  observed  that  the  three  methods  give  results 
in  agreement  with  one  another;  it  must  be  remembered 

1  Ostw.  1.  631. 
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that  the  plasmolytic  method  is  necessarily  somewhat  rough, 
while  the  freezing-point  method,  which  had  not  at  the  time 
been  so  completely  worked  out  as  at  present,  is  somewhat 
uncertain  when  applied  to  very  dilute  solutions,  as  the 
lowering  of  freezing  point  to  be  observed  then  becomes 
very  small ;  whilst  it  is  in  very  dilute  solutions  that  the 
phenomena  of  electrolytic  dissociation  are  most  marked. 

The  meaning  of  the  quantity  t,  according  to  the  theory  of 
Arrhenius,  is  this :  the  solution  contains  salt,  of  which 
a  fraction,  y  say,  is  dissociated  into  its  ions,  the  remainder 
being  in  the  molecular  state.  If  there  are  n  ions  formed 
by  the  dissociation  of  one  molecule,  n  y  will  actually  be 
formed  for  each  molecule  of  the  salt  dissolved  ;  if  to  this 
be  added  the  1— y  molecules  of  undissociated  salt  still 
existing,  we  get  1 +(«—!)  y  free  particles  in  the  solution 
(molecules  and  ions  together)  in  place  of  one.  The  osmotic 
pressure  is  therefore  raised  by  the  dissociation  in  this  ratio. 

i=\+{n-\)y. 

Now  n=  2  for  acetic  acid  and  the  three  salts  following 
in  the  above  table,  i  might  therefore  reach  a  maximimi 
=  2  if  the  dissolved  substances  were  completely  dissociated  ; 
this  is  far  from  the  case  for  acetic  acid,  but  the  neutral 
monobasic  salts  appear  to  be  nearly  in  the  state  of  complete 
dissociation.  For  calcium  nitrate  and  strontium  chloride 
the  value  of  n  is  3,  the  decomposition  taking  place  accord- 
ing to  the  equation 

CaN,06=  Ca  +  NOa  +  NO,,, 
and-  SrCl,  =  Sr  +  Cl  +  Cl. 

Hence  t  cannot  exceed  3,  and  does,  as  a  matter  of  fact, 
approach  that  value.  The  ferrocyanide  dissociates  according 
to  the  equation 

K,FeG,N,  =  4K  +  FeCeN, 

into  one  negative  and  four  positive  ions,  so  that  t  may  rise  as 
high  as  5,  and  does  in  the  example  quoted  actually  exceed  3. 
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If  this  view  is  correct,  the  degree  of  dissociation  should  in- 
crease with  increasing  dilution  (or  decreasing  concentration  . 
This  point  has  been  directly  proved  in  many  cases ;  the  follow- 
ing table,  quoted  from  Wildermann  \  gives  one  ;  it  refers  to 
dichloracetic  acid,  which  dissociates  into  hydrogen  and  the 
group  CHCI2COO.    In  tills  case  then  n  —  2,  and  y  =  t  — 1. 


( 

7 

7 

Concentration. 

{Freezing  point.) 

(Freezing  pointy 

(Conductivity. 

0-002599 

1.966 

0-966 

0.956 

0  005177 

1. 911 

0.911 

0913 

0.01033 

1.852 

0.852 

0.843 

0.015447 

^•763 

0-763 

0.806 

002048 

1.717 

0.717 

0.731 

002778 

1-690 

0690 

0.703 

In  the  last  column  is  inserted,  for  comparison,  the  degree 
of  dissociation  as  calculated  from  the  electrolytic  conductivity. 
Measurements  by  the  conductivity  method  are  more  con- 
venient and  more  accurate,  so  that  a  quantitative  discussion 
of  the  results  may  best  be  deferred  till  after  that  method  is 
described. 

§  10.    Laws  of  Electrolytic  Conduction. 

When  a  current  of  electricity  is  led  through  the  solution 
of  a  salt  (or  acid,  or  base)  the  salt  is  decomposed,  and  the 
quantity  of  electricity  conducted  is  strictly  in  proportion  to 
the  amount  of  decomposition  taking  place.  The  products 
of  decomposition  are,  on  the  one  hand,  hydrogen  or  a  metal  j 
on  the  other,  a  halogen  or  acid  radicle,  which,  however, 
rarely  appears  free,  as  it  acts  on  the  water  of  the  solution, 
and  sets  free  oxygen  instead.  The  most  remarkable  feature 
of  the  decomposition  is  that  the  products  do  not  appear 
mixed  and  indifferently  throughout  the  liquid,  but  are 
guided  by  the  current,  so  that  the  first  or  positive  group 
appears  only  at  the  surface  of  the  metallic  conductor  by 
which  the  current  leaves  the  solution,  and  which  is  called 
the  cathode,  while  the  second  or  negative  group  appears 

*  Ostio.  19.  242. 
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only  at  the  surface  of  the  metallic  conductor  by  which  the 
current  enters,  the  anode.  Thus,  for  example,  if  copper 
sulphate  solution  be  decomposed  between  platinum  elec- 
trodes, the  reaction  is 

CuSO,  =  Cu  +  Sb„ 
of  which  the  latter  group,  reacting  on  water,  forms  sulphuric 
acid,  which  appears  in  the  solution  near  the  anode,  and 
oxygen,  which  is  given  off  at  the  anode'. 

The  quantitative  laws  of  electrolysis,  which  were  dis- 
covered by  Faraday,  are  as  follows: — 

(1)  The  amount  of  any  substance  liberated  is  proportional 
to  the  total  quantity  of  electricity  passed  through  the 
solution,  independently  of  the  rate  at  which  it  flows. 

(2)  The  amounts  of  different  substances  liberated  by  the 
same  quantity  of  electricity  are  in  the  ratio  of  their  chemical 
equivalents. 

The  unit  quantity  of  electricity  is  called  a  Coulomb ;  one 
coulomb  flomng  per  second  constitutes  the  unit  current, 
and  is  called  an  Ampere. 

193,080  coulombs  are  required  to  liberate  two  grams  (one 
gram-molecule)  of  hydrogen,  and  therefore  IG  grams  of 
oxygen,  65  of  zinc,  and  so  on. 

This  result  may  also  be  expressed  by  means  of  the 

electro-chemical  equivalent,  which  means  the  weight  liberated 

by  one  coulomb.    The  electro-chemical  equivalents  of  some 

of  the  more  important  substances  are : — 

Hydrogen    .    .  0-00001044 

Silvei-  ....  o-ooiiiS 

Copper  (cupric)  0  0003294 

Oxygen    .    .    .  0-00008288 

Chlorine  .    .    -  00003673 

Electrolytic   conduction   unquestionably   consists   in  a 

'  Or  perhaps  conduction  takes  place  hy  means  of  the  Cn  and  OH 
ions,  the  latter  due  to  dissociation  of  the  water  itsf^lf :  two  OH  ions, 
on  reaching  the  anode,  give  up  their  charges  to  it  and  form  H.^ 
and  0. 
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carrying  of  electric  charges  by  the  decomposed  molecules 
or  ions,  the  movement  of  an  electric  charge  being,  in  all 
cases,  the  equivalent  of  a  current.  Thus,  imagine  a  pair 
of  large  metallic  plates  connected  to  the  poles  of  a  battery, 
and  a  gilt  pith-ball  placed  between  them ;  if  there  is 
a  positive  charge  on  the  pith-ball  it  will  be  repelled  from 
the  positive  and  attracted  by  the  negative  plate,  and  if  free, 
wiU  move  accordingly,  so  that  positive  electricity  will  be 
carried  from  the  positive  to  the  negative  side,  from  a  to  b 
in  the  accompanying  figure  (Fig. 
9) ;  this  is  equivalent  to  a  current 
in  the  sense  ab,  i.e.  the  sense  in 
which  a  current  would  flow  if  a 
conducting  wire  were  laid  across 
the  gap  AB.  But  if  a  negative 
charge  exists  on  the  pith-ball,  it 
will  be  attracted  by  a  and  re- 
pelled by  B,  so  that  its  motion 
will  be  in  the  sense  ba  ;  now  a 
negative  chai-ge  moved  from  b  to 
A  is  equal  in  effect  to  a  positive 
charge  moved  from  a  to  b,  so 
that  in  this  case  too  a  current  is 
produced  in  the  same  sense  as 
that  in  a  conductor  laid  across  ae. 

In  an  electrolyte  both  processes  take  place  at  the  same  time  ; 
a  positive  charge  is  conveyed  by,  say,  copper  ions  from 
the  anode  to  the  cathode,  while  a  negative  chai'ge  is  carried 
by  SO4  ions  from  cathode  to  anode,  and  the  current  actually 
flowing  in  the  sum  of  the  two  ;  each  partial  current  is  to  be 
estimated  as  the  product  of  the  charge  conveyed  into  the  velocity 
of  the  ions  conveying  it. 

The  question  arises,  however,  whether  the  ions  are 
produced  by  the  action  of  the  current,  or  whether  they 
exist  in  the  solution  beforehand,  and  are  only  directed  by 
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the  current.  Everything  points  to  the  latter  view ;  the 
most  convincing  argument  being,  perhaps,  that  derived 
from  the  quantity  of  energy  used  up  in  an  electrolytic 
cell.  This  is  expressed  by  the  electromotive  force  (e.  m.  f. 
or  voltage,  or  difference  of  potential)  applied  to  the  cell ; 
the  electromotive  force  between  two  points  is  the  amount 
of  energy  spent  in  conveying  one  unit  of  electricity  from  tlie 
one  to  the  other ;  the  unit  in  which  it  is  measured  is  called 
a  volt,  and  means  the  energy  in  joules  (10^  ergs)  spent  in 
conveying  one  coulomb,  or 

e.  m.  f.  in  volts  =  energy  in  joules     electricity  in  coulombs. 

If  the  dissociation  of  the  electrolyte  were  accomplished 
by  the  current,  there  would  be  a  finite  and  considerable 
absorption  of  energy  required  to  effect  it,  i.  e.  a  finite 
electromotive  force  would  be  required  before  any  decom- 
position occurred ;  but  that  is  not  the  case.  A  finite 
electromotive  force  is,  it  is  true,  required  to  separate  out 
the  products  of  electrolysis  in  their  usual  (molecular)  form  ; 
for  instance,  it  is  not  possible  to  decompose  acidulated 
water,  and  get  gaseous  oxygen  and  hydrogen  out  of  it, 
mthout  supplying  the  electromotive  force  corresponding 
to  the  absorption  of  energy  required  for  the  decomposition 
of  water  into  oxygen  and  hydrogen.  Nevertheless,  if 
a  smaller  electromotive  force  than  this  be  applied,  a  little 
current  does  flow,  till  the  accumulation  of  gas  on  the 
electrodes  is  sufficient  to  stop  it,  so  that  free  ions  must 
exist  in  the  solution  beforehand.  Again,  if  it  be  arranged 
that  no  work  has  to  be  done  in  separating  out  the  products 
of  decomposition,  a  current  will  flow  indefinitely  under  the 
least  e.  m.  f.  This  is  the  case  when  copper  sulphate  is 
decomposed  between  copper  plates ;  the  SO^  ion  acts  on 
the  anode,  and  dissolves  copper  off  it  in  quantity  just 
equal  to  that  deposited  on  the  cathode,  so  that,  on  balance, 
no  energy  is  used  up ;  accordingly  it  is  found  that  the 
current  flowing  is  proportional  to  the  applied  e.  m.  f.^ 
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however  small.  The  point  is  well  illustrated  by  the 
phenomena  of  conduction  in  gases.  Ordinary  gases  do 
not  conduct  electricity  at  all  until  a  very  high  e.  m.  f.— 
some  hundreds  of  volts— is  applied  to  them,  that  amount 
being  required  for  the  dissociation  of  the  gaseous  molecules  ; 
but  if  a  vacuum  tube  be  prepared,  a  discharge  passed 
through  it,  and  a  side  portion  be  screened  off  from  the 
direct  electrical  effects  of  the  discharge,  then  dissociated 
gas  Avill  exist  throughout  the  tube,  and  it  is  found  that 
any  electromotive  force,  however  small,  applied  to  a  pair 
of  electrodes  in  the  side  portion  will  produce  a  current. 
The  above  arguments  leave  it  an  open  question  whether 
all  or  a  pai-t  of  the  electrolyte  exists  in  the  dissociated 
form ;  infonnation  on  that  point  can  be  derived  from  a 
comparison  of  electrolytic  conductivity  with  the  effects  of 
osmotic  pressure,  as  we  shall  see  below. 

A  remarkable  confirmation  of  the  theory  of  electrolytic 
dissociation  is  afforded  by  an  experiment  devised  by  Ostwald 
and  Nernst ' ;  they  exposed  an  electrolyte  to  the  action  of  an 
electrostatic  force,  imitating  the  conditions  of  the  experi- 
ment with  electrified  pith-baUs  placed  between  the  plates 
of  a  condenser,  referred  to  above.  They  showed  that 
electrolysis  does  actually  take  place  so,  the  hydrogen  being 
attracted  out  of  an  acid  solution  to  one  of  the  poles.  The 
quantity  of  hydrogen  is  necessarily  very  minute,  so  in  order 
to  make  it  appreciable  the  pole  on  which  it  was  to  be 
collected  consisted  of  a  mercury  surface  in  contact  with 
dilute  acid,  in  a  veiy  fine  capillary  tube,  as  in  a  Lippmann 
electrometer.  The  tube  was  0-0037  cm.  in  radius,  and 
a  bubble  of  gas  was  produced  in  it  by  the  electrostatic 
force  about  two  diameters  long,  very  easily  visible  in  a 
microscope,  and  the  quantity  of  hydrogen,  though  so  very 
small,  was  found  to  be  in  rough  quantitative  agreement 
with  that  calculated  from  the  theoiy. 

'   ObtlC:  3.  120-30  (1889). 
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§11.    Mechanism  of  Electrolytic  Conduction. 

We  are  to  imagine,  then,  in  a  solution  of  an  electrolyte  — 
say,  for  definiteness,  potassium  chloride — atoms  of  i>otassium, 
each  associated  with  a  definite  positive  quantity  of  electricity, 
and  atoms  of  chlorine,  each  associated  with  a  definite  nega- 
tive quantity,  floating  about  freely  in  all  directions.  The 
positive  and  negative  quantities  must  be  numerically  equal, 
otherwise,  when  the  ions  combined  to  form  a  molecule,  that 
molecule  would  possess  a  charge,  which  is  not  the  case  ; 
and  the  chlorine  and  potassium  are  not  distinguishable  as 
such,  because,  being  intimately  mixed,  they  neutralize  one 
another's  action  as  far  as  external  points  are  concerned. 
When  to  such  a  system  an  electric  force  is  applied,  it 
directs  the  atoms,  the  positive  one  waj?^,  negative  the  other, 
and  the  ions  appear  in  measurable  quantity  at  the  electrodes. 
The  electric  force,  or  electric  intensity,  or  potential  gradient,  is 
measured  by  dividing  the  electromotive  force  hclivcen  two  points 
J)y  the  distance  hettoeen  them ;  it  is  therefore  to  be  expressed 
in  volts  per  cm.  Thus  the  electric  force  in  a  copper  volta- 
meter may  be  measured  by  dividing  the  e.  m.  f.  applied  to 
the  cell  by  the  distance  between  the  plates  (supposed  jDarallel), 
and  it  is  this  which  regulates  the  rate  at  which  electrolysis 
will  take  place. 

The  most  important  quantity  to  determine,  so  far  as  the 
theory  of  electrolytic  dissociation  is  concerned,  is  the  con- 
ductivity of  an  electrolyte  ;  of  this  the  exact  definition  is  as 
follows :  — 

The  current  flowing  per  sq.  cm.  of  cross  section  of  a  con- 
ductor (or  current  density)  is  proportional  to  the  electric 
force  applied  (Ohm's  law). 

The  ratio  of  the  current  density  to  the  electric  force  is 
called  the  conductivity  of  the  medium. 

The  unit  of  conductivity  is  called  a  mho,  and  is  that  of 
a  medium  such  that  an  electric  force  of  1  volt  per  cm. 
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applied  to  it  will  produce  a  current  density  of  1  ampere 
per  sq.  cm.  through  it.  (Frequently,  however,  the  conduc- 
tivity is  not  given  in  absolute  units,  but  is  expressed  by 
comparison  Avith  the  conductivity  of  mercury.) 

It  should  be  noticed  that  if  a  uniform  electric  force  be 
applied  to  a  charged  body  it  will,  in  the  absence  of  any 
resistance,  produce  a  (uniformly)  accelerated  motion,  just  as 
the  uniform  force  of  gravity  will  cause  a  body  falling  freely 
to  move  downwards  with  uniform  acceleration,  i.  e.  get  faster 
and  faster  without  limit  (till  it  meets  the  earth  or  other 
obstacle) ;  the  movement  of  a  charged  pith-ball  placed 
between  two  condenser  plates  would  be  of  this  character. 
But  if  there  be  a  frictional  resistance  to  the  movement  the 
charged  body  Avill  soon  reach  a  limiting  velocity,  and  cease 
to  be  accelerated.  This  is  the  case  with  a  rain-drop,  falling 
under  the  influence  of  gravity,  on  account  of  the  resistance 
of  the  air  :  however  far  it  may  fall,  its  velocity  cannot  exceed 
a  certain  value,  depending  on  the  size  of  the  drop  and  the 
density  of  the  air ;  and  in  the  same  way  the  electrified 
atoms  in  an  electrolyte,  almost  immediately  that  the  force 
is  applied  to  them,  come  to  move  with  a  limiting  (average) 
velocity,  which  is  quite  small,  on  account  of  the  frictional 
resistance  of  the  water  through  which  they  have  to  move. 
It  is  only  on  this  account  that  the  current  (being  measured 
by  the  charge  and  velocity  with  which  it  is  carried)  is 
independent  of  the  time  that  the  electric  force  has  acted, 
and  that  Ohm's  law  is  true,  the  limiting  velocity  increasing 
in  proportion  to  the  electric  force  applied. 

In  connexion  with  the  practical  measurement  of  conduc- 
tivities we  need  to  use  certain  associated  terms,  viz. : 

Conductance  of  a  wire  (or  electrolytic  cell,  &c.)  =  conduc- 
tivity of  the  material  multiplied  by  the  area  of  cross  section, 
and  divided  by  the  length,  or  say, 

A 
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Besistivity  (or  specific  resistance)  of  a  material  is  the 
reciprocal  of  its  conductivity. 

Besistance  of  a  wire  (electrolytic  cell,  &c.)  is  the  reciprocal 
of  the  conductance,  and  is  measured  in  '  ohms '  (reciprocal 
of  mhos). 

§  12.    Measurement  of  Conductivity. 

For  measuring  conductivities  an  arrangement  called 
Wheatstone's  bridge  is  commonly  adopted ;  it  is  shown 

diagrammatically  in  Fig.  10. 
b  A  wire  leads  from  the  bat- 

tery B  to  the  point  a ;  there 
the  circuit  divides  into  two 
branches,  al)C  and  adc,  re- 
uniting at  c,  and  returning  to 
the  other  pole  of  the  battery. 
Two  intermediate  points,  b 
Fig.  io.  and  d,  of  the  branched  con- 

ductors are  connected  through 
the  galvanometer  g.  If  the  resistances  ah,  be,  ad,  dc  are 
chosen  so  as  to  satisfy  the  relation 

abxcd  =  bcx  ad, 

then  no  current  will  flow  through  the  galvanometer,  what- 
ever current  may  be  taken  from  the  battery  ;  hence  if  three 
of  the  resistances  are  known,  and  the  fourth  is  to  be 
measured,  the  three  can  be  adjusted  until  no  current  flows 
through  the  galvanometer,  and  the  equation  will  then  give 
the  value  of  the  unknown  resistance.  A  battery  and 
galvanometer  are  available,  in  such  an  arrangement,  for 
measuring  a  metallic  resistance,  but  if  applied  to  an 
electrolyte  the  flow  of  current  through  it  would  generate 
hydrogen  and  oxygen  on  the  electrodes,  and  consequently 
alter  the  resistance  during  the  experiment,  which  accord- 
ingly fails.  This  'polarization'  of  the  electrodes  by  the 
products  of  electrolysis  may  be  avoided  by  rapidly  reversing 
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the  direction  of  the  current,  so  that,  at  either  electrode, 
hydrogen  is  produced  for  a  fraction  of  a  second,  then 
oxygen  for  an  equal  time,  then  hydrogen  again,  and  so  on  ; 
neither  gas  then  appears  in  measurable  quantity.  This 
reversal  is  accomplished  automatically  by  an  induction 
coil.  But  if  an  alternating  current  is  used,  a  galvanometer 
will  not  indicate,  and  it  must  therefore  be  replaced  by 
a  telephone.  Accordingly,  the  apparatus  actually  used  for 
electrolytic  conductivities  takes  the  form  shown  in  Fig.  11, 
and  consists  of  the  following  parts  : — 

The  source  of  current  is  a  single  Leclanche  or  dry  cell,  b, 
used  to  work  the  small  induction  coil  i.  The  induction  coil 
should  be  of  the  smallest  dimensions  made,  and  should  be 


Fig.  ri. 


provided  with  a  light  rapid  spring,  in  place  of  the  loaded 
spring  commonly  used  on  large  sparking  coils.  The  object 
of  this  is  to  produce  a  clear  singing  tone  in  place  of  the 
rattle  of  the  large  induction  coil,  as  such  a  tone  is  much 
more  audible  in  a  telephone:  a  frequency  of  250  to  1000 
per  second  in  the  spring  gives  good  .results — the  pitch 
corresponding  being  that  of  a  treble  voice.  It  is  desirable 
also  to  have  no  metal  casing  between  the  iron  core  and  the 
windings,  as  such  a  casing  reduces  the  vibrations  more 
nearly  to  the  simple  harmonic  form,  which  is  the  least 
audible  in  the  telephone.  Induction  coils  of  the  pattern 
required  are  now  made  by  all  the  leading  German  scientific 
instrument  makers. 

Two  of  the  arms,  ad,  dc,  of  the  Wheatstone  bridge  are 
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constituted  of  a  single  uniform  wire,  a  metre  long,  stretched 
between  binding  screws  over  a  scale  divided  in  millimetres : 
the  point  is  a  sliding  contact-maker,  so  that  by  it  the  wii-e 
may  be  divided  into  two  parts  whose  lengths,  and  therefore 
resistances,  are  in  any  desired  ratio.  The  wire  should  be 
thin,  and  of  platinum-iridiuni  alloy  to  avoid  oxidation,  and 
to  be  hard  enough  not  to  suffer  from  the  action  of  the 
contact-maker.  The  third  known  arm  of  the  bridge,  ah, 
consists  of  a  resistance  box  of  from  10  to  10,000  ohms.  The 
electrolytic  cell  may  have  many  forms,  according  to  the 
conductivity  of  the  electrolyte  to  be  used :  but  it  is  regularly 
made  of  glass,  and  provided  with  electrodes  of  platinum 
sealed  in  ;  and  for  the  good  working  of  the  apparatus  it  is 
essential  that  the  platinum  should  be  well  coated  with 
platinum  black,  deposited  from  a  solution  of  the  chloride 
mixed  with  a  little  lead  acetate.  The  electrolytic  cell  must 
be  kept  at  a  deiinite  temperature,  since  the  conductivity 
increases  rapidly  with  rise  of  temperature :  it  may  very 
conveniently  be  placed  in  a  thermostat  of  Ostwald's  pattern. 
The  telephone  may  be  any  good  commercial  instrument. 
Further  particulars  of  the  apparatus  may  be  read  in  Ostwald, 
Handbook  of  Physico-Chemical  Measurements,  chap,  xv,  or 
Kohlrausch,  Leitvermogen  der  EleUrolyte  (Leipzig,  1898). 

In  carrying  out  a  measurement  the  solution  is  placed  in 
the  cell,  and  after  it  has  acquired  the  temperature  of  the 
thermostat,  an  approximately  equal  resistance  is  taken  out 
from  the  box,  and  the  sliding  contact-maker  is  moved  until  the 
sound  in  the  telephone  is  least.  It  never  disappears  quite, 
but  it  should  be  possible  to  set  the  contact-maker  to  within 
a  millimetre  :  the  length  ad  is  then  read  off,  say  a  metres. 

Then  (resistance  of  electrolyte)  —  (resistance  ah)  X  —-^  • 

The  conductance  is  the  reciprocal  of  the  resistance,  or 

a 

(l  —  a)  X  (resistance  ah) 
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The  electrolytic  cell  is  not  usually  regular  enough  in 
shape  to  allow  of  calculating  the  conductivity  from  the 
conductance :  this  is  therefore  done  by  a  comparison  with 
the  conductance  of  the  cell  when  filled  with  a  solution 
whose  conductivity  has  already  been  measured  accurately 
in  absolute  measure.  A  fiftieth  normal  solution  of  potas- 
sium chloride  serves  conveniently  as  a  standard :  containing 
74-60  gms.  of  KCl  in  50  litres  it  has  a  conductivity  of 
0-002397  mhos  at  18°  and  0-002765  at  25°.  Thus,  if  the 
cell  filled  with  a  solution  be  found  to  have  (at  25°)  a  con- 
ductance c,  while  filled  with  normal  KCl  it  has  a  conduc- 
tance c',  then 

c':  c  ::  0-002765  :  conductivity  required. 

[Note.  It  should  be  observed  that  most  of  the  German 
writers  express  conductivities  of  electrolytes  in  terms  of  that 
of  mercury,  or,  in  other  words,  in  Siemens'  units  instead  of 
mhos.  The  Siemens'  unit  is  the  conductance  of  a  column 
of  pure  mercury  at  0°,  one  square  millimetre  in  cross 
section,  and  one  metre  long:  it  is  equal  to  1-0630  mhos. 
The  specific  conductivity  of  mercury  is  10,000  times  this 

kA 

(for   conductance  =       ?   and   here   A  =  0-01    sq.  cm., 

d=  100  cms.)  or  10,630  mhos.  Now  as  the  resistance  of 
electrolytes  is  immensely  greater  than  that  of  metals,  a  unit 
equal  to  the  ten-milKonth  part  of  the  conductivity  of 
mercury,  or  0-001063  mhos,  is  commonly  adopted,  so  that 
the  results  may  be  expressed  in  whole  numbers.  Thus, 
e.g.,  when  it  is  stated  that  the  conductivity  of  normal 
potassium  chloride  solution  at  18°  is  91-9,  this  means 
91-9x0-001063  mhos.  When  the  conductivity  is  only 
required  for  estimating  the  degree  of  dissociation  it  is 
indifferent  which  unit  is  employed,  as  only  relative  measure- 
ments occur,  but  when  calculations  on  ionic  velocities,  and 
so  on,  are  introduced,  there  is  distinct  advantage  in  using 
the  systematic  unit,  the  mho.    Kohlrausch  and  Holborn, 
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liowever,  in  their  recent  monograph  Das  Lcitvemidgen  dcr 
EleUrolyte  (Leipzig,  Teubner,  1898),  have  adopted  the 
systematic  units,  and  recalculated  the  entire  mass  of 
numerical  data  which  had  previously  been  published  in 
terms  of  the  Siemens'  unit.  Since,  therefore,  those  data  are 
now  available,  in  the  tables  of  the  above-mentioned  work, 
the  systematic  unit  will  be  exclusively  used  in  the  present 
book.] 

§  13.    Molecular  Conductivity  and  Electrolytic 

Dissociation, 

On  the  view  that  electrolytic  conduction  takes  place 
entirely  by  means  of  the  ions  or  products  of  dissociation 
present,  the  conductivity  of  a  solution  should  be  propor- 
tional to  their  number  (at  least  in  moderately  dilute 
solutions),  since  each  atom  or  atomic  group  is  acted  on  by 
the  electric  force  independently  of  the  others.  Now  in  an 
infinitely  dilute  solution  the  molecules  will  all  be  dissociated, 
and  the  conduction  accomplished  by  a  given  mass  of  sub- 
stance will  be  a  maximum.  This  leads  to  the  conception 
of  the  'molecular  conductivity,'  which  means  the  specific 
conductivity,  k,  of  the  solution  multij)hed  by  its  dilution 
y,  or  say  a,.  =  Fk. 

If  in  a  solution  the  dissolved  body  were  already  completely 
dissociated,  then  on  doubling  its  dilution  there  would  be 
only  half  as  many  ions  in  each  cubic  centimetre,  the  specific 
conductivity  would  be  halved,  and  the  molecular  conduc- 
tivity be  unchanged.  But  if  the  dissociation  be  incomplete, 
the  dilution  will  increase  the  degree  of  it ;  the  specific 
conductivity  will  be  somewhat  more  than  half  that  of  the 
stronger  solution,  and  the  molecular  conductivity  will  be 
increased — tending  towards  the  maximum  value  which  it 
possesses  when,  in  an  infinitely  dilute  solution,  the  salt  is 
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entirely  dissociated.  Thus  the  ratio  of  the  actual  molecular 
conductivity  Aj^-  to  the  limiting  value  Am  expresses  v^^hat 
fraction  of  the  salt  is  dissociated  when  its  dilution  is  V. 
Or  using,  as  before,  the  symbol  y  for  the  degree  of  dis- 
sociation y  =  ~  5  it  is  in  this  way  that  the  results  previouslj^ 

iioo 

quoted,  comparing  y  as  found  electrically  with  y  found  by 
the  freezing  point  or  osmotic  pressure,  were  obtained. 

The  increase  of  dissociation  by  dilution  is  well  shown  by 
the  following  numbers  for  K  CI  at  1 8"  (as  measured  by 
Kohlrausch) : — 


Bilutioyi 
c.c.  per  gm. 
molecule). 

Conductivity 

Molecular 

Degree  of 

(mhos). 

conductivity. 

dissociation. 

V. 

K. 

\y  =  FK. 

^. 

Aoo 

1,000 

0-0982 

98.2 

0-75 

10,000 

O'Oiiig 

III. 9 

0-86 

100,000 

0-001225 

122-5 

0.94 

1,000,000 

0-0001276 

127.6 

0.98 

10,000,000 

0-00001295 

129.5 

0.99 

00 

131-2 

I.OO 

The  value  of  A  for  infinite  dilution  is  obtained  by  extra- 
polation from  the  others. 

The  dissociation  in  this  case  is  into  two  ions,  K  and  CI ; 
but  the  theoretical  relation  between  the  dilution  and  the 
degree  of  dissociation 

o 

-^f—  r  =  constant 

K  (1-y) 

does  not  hold  :  so  that  it  is  not  possible  to  calculate  a  '  dis- 
sociation constant,'  as  in  the  case  of  nitrogen  tetroxide 
quoted  above.  The  same  is  true  of  all  the  neutral  salts 
which  are  largely  dissociated  even  in  strong  (normal  or 
decinormal)  solutions,  and  the  reason  for  it  is  at  present 
unknown.  Weaker  electrolytes,  however,  i.  e.  less  dis- 
sociated, and  therefore  less  conducting,  are  found  to  follow 

F  2 
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the  theoretical  relation  with  remarkable  closeness :  solutions 
of  weak  acids,  in  particular,  have  been  found  to  follow  the 
law  of  dilution,  a  law  which  is  usually  associated  with  the 
name  of  Ostwald,  who  has  made  very  extensive  researches 
on  the  dissociation  of  acids.  The  following  numbers  ^  refer- 
ring to  monochloracetic  acid  at  14-1°  may  serve  as  specimen  : 
it  should  be  noted  that  the  acid  is  less  dissociated  in 
2,060  litres  than  K  CI  is  in  10 :— 


V. 

A,.. 

7  (obs.) 

7  (calc.) 

20 

5i'6 

o-i66 

0-163 

205 

132 

0-423 

0-43 

408 

170 

0-547 

0-543 

2,060 

251 

o.8o6 

0-801 

4,080 

274 

0.881 

c-88 

ro,  100 

295 

0.948 

0.944 

20, 700 

300 

0.963 

0-971 

00 

3" 

I-OOO 

I-OOO 

The  numbers  in  the  last  column  are  calculated  from  the 
dissociation  constant 

2 

^  =   r  =  1-585  X  10-" ; 

the  agreement  with  the  observed  numbers  is  practically 
perfect. 

The  general  conclusions  arrived  at  with  regard  to  the 
condition  of  electrolytes  in  aqueous  solution  may  be  briefly 
put  as  follows.  Neutral  salts  are  in  general  very  strong^ 
dissociated,  so  that  in  moderately  dilute  solution  they  may 
be  treated,  for  many  purposes,  as  completely  dissociated  ; 
this  is  especially  the  case  with  regard  to  the  salts  of  the 
alkalies  :  the  dibasic  metals  are  a  little  less  dissociated,  but 
still  strongly  so  ;  and  usually  when  the  number  of  ions 
formed  by  dissociation  is  large,  as  in  the  case  of  potassium 
ferrocyanide  quoted  in  the  table  p.  53,  the  dissociation  is 
less  complete  than  when  only  two  or  three  ions  are  formed. 


1  Van 't  Hoff  and  Keicher,  Ostiv.  2.  781. 
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The  acids,  on  the  contrary,  vary  extremely  in  their  degree  of 
dissociation  ;  they  decompose  into  hydrogen  ions,  and  the 
residue  of  the  molecule,  or  'acid  radicle,'  and  the  acid 
properties  appear  to  be  exclusively  the  effect  of  the  free 
hydrogen  ions,  and  to  be  proportional  to  their  quantity  : 
hence  a  strong  acid  means  one  which  is  largely  dissociated. 
Thus  nitric  and  hydrochloric  acids  are  as  strongly  dis- 
sociated as  the  alkaline  salts ;  sulphuric  acid  is  nearly  so  ; 
while  the  organic  acids  form  an  extended  series  with 
diminishing  dissociation  constants,  the  study  of  which  has 
thrown  much  light  on  the  connexion  between  their  physical 
properties  and  the  constitution  of  the  molecules.  The 
following  numbers  will  show  the  great  variation  of  the 
dissociation  constant  (K)  : — 

10'  X  Degree  of  dissociation 

(at  25°).       in  j-jr^inr  normal  solution. 


Trichloracetic  acid  . 
Dichloracetic  acid 
Monochloracetic  acid 
Salicylic  acid  .  . 
Acetic  acid  .    .    .  . 


121  0'999 

5.1  0.981 

O.I55  0-692 

0.102  0-621 

0-0018  0.125 


In  developing  the  theory  of  electrolytic  conductivity  it 
was  remarked  that,  though  depending  on  the  action  of  ions, 
it  gave  no  information  as  to  whether  much  or  little  of  the 
electrolyte  is  in  the  ionic  state.  Clausius,  who  first  clearly 
described  the  mechanism  by  which  the  conduction  takes 
place,  supposed  that  only  an  insignificant  fraction  was 
dissociated  at  any  time  ;  and  that  view  was  generally  held 
until  the  work  of  Arrhenius,  in  tracing  out  the  progressive 
dissociation  by  dikition,  and  in  comparing  results  with 
those  obtained  by  the  plasmolytic  and  freezing-point 
methods,  showed  that  in  many  cases  nearly  the  whole 
dissolved  salt  exists  in  the  form  of  ions. 

In  the  case  of  weak  electrolytes  it  is  impossible  to  carry 
the  dissociation  far  enough  to  estimate  the  molecular  con- 
ductivity for  infinite  dilution,  by  extrapolation,  as  in  the 
case  of  K  CI.    That  can,  however,  be  done  indirectly.  Thus, 
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to  take  an  example,  the  following  numbers  have  been  found 
for  acetic  acid  at  18°  :  — 


The  conductivity  of  solutions  much  more  dilute  than 
10,000  htres  to  the  gram-molecule  is  so  slight  that  the 
presence  of  traces  of  impurity  in  the  water,  and  other 
experimental  errors,  forbid  accurate  results  :  the  gap  between 
A  =r  107  and  A  =  352  has  to  be  bridged  over  by  other 
means.  As  a  matter  of  fact,  the  hmiting  molecular  con- 
ductivity of  the  acid  is  derived  from  that  of  the  sodium 
salt :  the  possibility  of  doing  so  depends  on  the  principle, 
discovered  by  Kohlrausch,  that  each  ion  contributes  inde- 
pendently to  the  conduction,  the  total  conductivity  being  the 
sum  of  the  parts  due  to  positive  and  negative  components. 

§  14.    Partial  Conductivity  and  Velocity  of  the  Ions. 

The  determination  of  the  partial  conductivities  of  the  ions 
depends  on  observations  of  the  changes  of  concentration 
pi'oduced  by  electrolysis.  To  study  this  the  more  easily,  let 
us  take  a  concrete  example,  viz.  the  decomposition  of  silver 
nitrate  solution  between  platinum  electrodes.  Imagine  an 
electrolytic  cell  constructed  of  the  kind  shown  in  Fig.  12, 
consisting  of  two  beakers,  a  and  c,  connected  by  the  siphon 
B,  which  for  convenience  may  be  constructed  of  a  glass  tube 
with  a  side  piece  closed  by  rubber  tubing  and  a  spring-clip. 
The  whole  is  filled  with  silver  nitrate  solution,  and  the 
platinum  plates  to  serve  as  electrodes  are  placed,  the  anode 
in  A,  the  cathode  in  c.  Wlien  an  experiment  has  been  made, 
the  siphon  may  be  lifted  out  and  the  liquids  in  the  beakers 
analyzed.    Let  so  much  current  flow  as  will  deposit  one 


lo" 


14  3 
41 
107 

352] 


4.60 
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milligram  equivalent,  108  mgm.,  of  silver  on  the  cathode, 
and  consider  the  action  taking  place  at  a  cross  section  of  the 
siphon.  Under  the  influence  of  the  electric  force  there  the 
charged  silver  atoms  will  be  driven  towards  the  cathode 
Avith  a  velocity  it,  while  the  NO,  groups  will  be  driven  in 
the  opposite  direction  with  a  velocity  u.  Accordingly  a 
certain  quantity,  let  us  say  x  milligram  equivalents,  of  Ag 
will  pass  from  the 
anode  vessel  into 
the  cathode  vessel : 
but  as  meanwhile 
1  mgm.  equivalent 
of  Ag  is  deposited 
the  cathode  vessel 
will  on  the  whole 
lose  \  —X  oi  silver. 
But  observation 
shows  that  there  is 
no  accumulation  of 
free  ions  in  the 
liquid  under  any  circumstances,  so  the  cathode  vessel 
must  have  lost  a  corresponding  amount  of  NOj,  and  that 
amount,  1  —  x  mgm.  equivalent,  must  have  flowed  through 
the  siphon  into  a.  The  amounts  of  Ag  and  of  NO^  flowing 
through  the  siphon  (in  opposite  directions)  are  therefore  in 
the  ratio  of  a;  to  I  —  x,  and  this  is  the  ratio  of  the  velocities 

u  X 

with,  which  they  move  or  —  =  j-  ■ 

V  1  1  —  00) 

Chemical  analysis  will,  of  course,  show  how  much 
Ag  NO3  has  disappeared  from  each   of  the  two  vessels 

u 

A  and  c,  and  hence  give  the  ratio  —  of  the  velocities  of  the 

It 

ions.  Hittorf  in  this  way  determined  the  relative  velocities 
for  a  large  number  of  positive  and  negative  ions.  Thus  in 
the  case  of  silver  nitrate  x  =  0  4 72,  showing  that  the 
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negative  NO3  ions  move  rather  faster  through  the  liquid 
than  the  positive  Ag. 

But  each  positive  and  negative  ion  carries  the  same 
quantity  of  electricity  with  it  (else  when  they  united  to 
form  a  molecule  that  molecule  would  not  be  electrically 
neutral)  ;  hence  the  strength  of  current  due  to  each  ion 
must  be  proportional  to  its  velocity,  in  other  words  the 
conductivity  of  the  electrolyte  may  be  divided  into  two 
parts,  due  to  the  two  constituents  separately,  and  these  two 
parts  will  be  in  the  ratio  of    to  \  —x. 

Now  in  the  case  of  strongly  dissociated  electrolytes  the 
measurements  of  Kohlrausch  and  others  give  the  value 
of  Aoo,  i,  e.  the  molecular  conductivity  when  completely 
dissociated.  This  for  silver  nitrate  solution  is  11 6-5  ;  com- 
bining with  this  the  obsei-vation  of  the  relative  velocities,  it 
follows  that  the  partial  (or  ionic)  conductivity  of  the  Ag  is 
0-472  X  116-5  =  55-7,  while  that  of  the  NO3  is  60-8.  The 
number  thus  obtained  for  the  partial  conductivity  of  an  ion 
is  (allowing  for  experimental  errors)  the  same,  from  which- 
ever of  its  compounds  it  is  determined  :  that  fact  constitutes 
the  proof  of  the  assumption  with  which  we  started — that 
the  partial  conductivities  are  independent  of  one  another. 

The  following  are  some  of  the  most  important  results 
arrived  at :  the  values  for  H  and  OH  being  derived  from 
the  conductivity  of  strong  acids  and  bases. 

Partial  {or  ionic)  conductivities  at  18°. 


K   .  . 

•  65-3 

CI  .    .  . 

65-9 

NH4  . 

64-2 

Br  .    .  . 

66-9 

Na  .  . 

44-4 

I     .    .  . 

66-7 

Li  .  . 

•      35  5 

NO3     .  . 

60.8 

Hg.  . 

•  55-7 

ClOs    .  . 

562 

H   .  . 

•  318 

C2H3O2 

33-7 

OH.    .  . 

174 

One  of  the  chief  uses  of  this  table  of  partial  conductivities 
is  to  determine  the  limiting  molecular  conductivity,  and 
hence  the  degree  of  dissociation  of  substances  which  it  is 
impracticable  to  dissociate  completely.    Thus  in  the  case  of 
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acetic  acid,  quoted  above,  the  conduction  due  to  the  C.,H,,0.^ 
ion  may  be  found  from  measurements  on  the  sodium  salt, 
which  hke  all  the  sodium  salts  is  almost  completely  dis- 
sociated at  moderate  dilutions.  Being  found  33  7,  it  follows 
that  Ax  for  the  acid  is  33-7  +  318  =  351-7. 

Ostwald  gives  certain  rules  with  regard  to  the  more 
complex  organic  acids,  which  show  the  regularity  with 
which  the  ionic  velocity,  in  these  cases,  falls  off  with 
increase  of  molecular  weight.  His  values  at  25°  reduced 
to  systematic  units  are  :  — 

Acids  with  12  atoms    A»  =  380 


14 


»  15 
„  22 

I,  30 


„  =379 
»  =378 
„  =  376 
„  =  374 
„  =  373 
=372 


So  far,  we  have  only  considered  the  relative  velocities 
of  the  ions  ;  it  is  not  difficult,  however,  to  determine  their 
absolute  amounts.  Let  u  and  u  be  the  velocities  (in  cm. 
per  second)  with  which  the  ions  are  moving  across  a  certain 
section  of  the  Hquid,  and  /be  the  electric  force,  or  gradient 
of  potential  there  (in  volts  per  cm.)  ;  V  the  dilution 
(cc.  per  gm.  mol.).  Then  across  one  square  cm.  there  flows 
in  a  second  the  cation  contained  in  a  space  whose  length 
is  u  cms.  and  cross  section  1  sq.  cm.,  i.  e.  u  c.c.s.  The  mass 
of  cation  contained  in  this  volume  is  (provided  the  electrolyte 

be  completely  dissociated)  |f  gm.  equivalents.    But  one  gm. 

equivalent  carries  96,540  coulombs,  therefore  the  current 
carried  by  the  cation  (per  sq.  cm.  cross  section)  is 

u 

96,540  y  amperes. 

A  similar  expression  holds  for  the  anion,  and  as  the  total 

current  is  the  sum  of  the  two,  we  have 

^  ,             96,540  (m  +  w) 
current  density  =  —  y  '-  amperes. 
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Now  the  conductivity  is  the  ratio  of  the  current  density  to 
the  electric  force  producing  it,  or 

,    ^.              96,540  (w  +  wO 
conductivity  k  =  —  ~  -■ 

whence  u  +  u  —  ^  —  *' 


96,540  96,540 
Ax  being  written  since  the  argument  requu-es  complete 
dissociation.    But  A=o  may  be  divided  into  its  component 
parts,  proportional  to  u  and  u\    For  hydrogen,  e.  g.,  the 
partial  conductivity  at  18"  is  318  mhos. 
Hence  we  may  write 

u  =  318/^96,540  =  0-00329/. 
Putting  this  result  into  w^ords  we  may  say,  for  example, 
suppose  the  electromotive  force  of  a  Daniell  cell  (1-1  volt) 
applied  to  electrolyze  a  dilute  solution  of  hydrochloric  acid, 
between  electrodes  placed  at  a  distance  of  1-1  cms.  Then 
the  potential  gradient  in  the  electrolyte  is  I  volt  per  cm., 
and  accordingly  the  hydrogen  of  the  acid  will  move  in 
the  direction  from  negative  to  positive  plate  with  a  speed 
of  0-00329  cms.  per  sec,  or  one  centimetre  in  about  five 
minutes.  The  atoms  will  of  course,  as  a  matter  of  fact,  be 
moving  about  in  all  directions  with  a  speed  that  is  enor- 
mously greater ;  i.  e.  will  share  the  undirected  motions 
common  to  all  the  atoms  and  molecules  present,  which 
constitute  its  heat  energy.  These  motions,  however,  would 
lead  the  hydrogen  nowhere,  since  they  are  distributed  with 
complete  indifference  in  all  directions.  What  the  electric 
force  does,  is  to  superimpose  on  that  a  steady  drift  in 
one  direction,  which  will  gradually  lead  all  the  hj'^drogen 
atoms  to  the  cathode,  where  they  will  appear  in  the 
molecular  form. 


CHAPTER  II 


PHYSICAL  CONSTANTS  IN  KELATION  TO  CHEMICAL 
CONSTITUTION 

Systematic  study  of  the  physical  properties  of  a  large 
number  of  definite  chemical  compounds  has  led  to  certain 
generalizations  as  to  the  way  in  which  the  physical  constants 
depend  on  the  arrangement  of  the  atoms  in  the  molecule- 
Knowledge  of  this  subject  is  still  in  a  very  rudimentary 
state,  the  laws  or  generalizations  arrived  at  being  purely 
empirical,  but  it  cannot  be  doubted  that  eventually,  when 
the  constitution  of  the  molecule  of  any  compound  is  suffi- 
ciently well  known,  it  will  be  possible  to  calculate  all  the 
physical  properties  of  that  compound  from  the  properties 
of  its  elements ;  just  as  it  is  now  possible  to  calculate  the 
weight  of  the  molecules  from  the  weights  of  its  component 
atoms.  At  present  all  that  is  possible  is  to  give  an 
account  of  the  chief  physical  constants  to  be  measured,  the 
apparatus  used  for  measuring,  and  the  leading  empirical 
results  obtained. 

As  far  as  the  determination  of  physical  constants  is 
concerned,  the  material  to  be  experimented  on  may  be 
divided  into  three  classes — (i)  fluids  (liquids  and  gases),  (ii) 
ordinary — isotropic — sohds,  (iii)  crystals.  The  first  and 
third  of  these  classes  are  well  suited  to  the  purpose,  pro- 
vided sufficient  care  be  taken  to  obtain  the  materials  in 
a  state  of  chemical  purity ;  ordinary  soHds,  such  as  the 
metals,  on  the  other  hand,  are  veiy  difficult  subjects  of 
investigation,  because   in   general   their  properties — e.  g. 
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density,  elasticity,  electric  conductivity — depend  on  the 
mechanical  treatment  that  the  solid  has  undergone.  So  that 
even  if  the  preliminary  difficulty  of  obtaining  a  chemically 
pure  material  be  overcome — which  is  not  easy,  because 
frequently  a  small  trace  of  impurity  produces  a  dispro- 
portionately large  effect  on  the  j)hysical  properties  — the 
material  will  show  varying  properties  according  as  it  is 
cast,  rolled,  wire-drawn,  annealed,  &c.,  i.  e.  according  to 
the  previous  history  of  the  specimen  used ;  whereas  fluids, 
if  of  identical  chemical  composition,  are  always  of  identical 
physical  properties,  or  to  use  a  mathematical  phrase,  the 
various  physical  constants  of  a  fluid  are  functions  of  the 
state  of  the  fluid  at  the  moment,  while  in  solids  that  is 
not  in  general  the  case.  Hence  very  few  data  of  value 
have  been  arrived  at  with  regard  to  the  physical  properties 
of  solids. 

§  1.    Density  of  Fluids. 

The  most  important  constant  to  measure  in  a  fluid  is  its 
density  (or  specific  volume)  under  varying  conditions  of 
temperature  and  pressure. 

[If  J?  be  the  pressure  on  the  fluid, 
T  its  absolute  temperature, 
V  its  specific  volume, 
there  exists  a  relation 

f{p,  V,  T)  =  0, 

which  is  called  the  characteristic  equation  of  the  fluid.  The 
various  measurements  described  below  give  the  means  of 
determining  the  form  and  constants  of  this  equation,  over 
various  portions  of  the  entire  range  of  temperature  and 
pressure.  The  simplest  instance  of  a  characteristic  equation 
is  that  of  a  perfect  gas,         —  RT 

Another  of  importance  is  van  der  Waals'  equation,  to  whicli 
we  shall  have  to  return  in  detail  below.] 
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The  problem  of  determining  the  density  under  all  possible 
circumstances  presents  itself  under  different  forms  accord- 
ing to  the  conditions  of  pressure  and  temperature:  the 
most  important  cases  are — 

(i)  absolute  measurement  of  density  under  ordinary 
conditions  ; 

(ii)  measurement  of  the  coefficient  of  expansion  under 

constant  pressure  ; 

(iii)  measurement  of  compressibility  at  constant  tempera- 

ture ; 

(iv)  determination  of  the  critical  constants. 
Apparatus   for   measuring   the   density   of  gases  and 

vapours  has  been  described  in  chap.  i.     Liquids  can  be 
measured  in  any  form  of  specific 
gravity  bottle  or  pyknometer,  of 
which  the  best  pattern  is  the 
Sprengel  tube,  as  modified  by 
Ostwald.    This  consists   of  a 
wide  tube  c  with  a  capacity  of, 
conveniently,  5  or  10  c.c,  termi- 
nating in  the  tubes  a  and  h  of 
about  one  millimetre  bore  :  a  is 
drawn  out  shghtly  at  the  end, 
1)  bears  a  mark  near  the  middle 
of  the  horizontal  portion.  The 
tube  is  filled  by  dipping  h  under 
the  surface  of  the  liquid  in  a 
small  dish,  and  sucking  at  the 
end  a  through  an  India- rvibber  tube.     When  full,  the 
rubber  tube  is  slipped  off,  and  the  pyknometer  placed 
upright  in  a  water  bath ;   in  two  or  three  minutes  it 
acquires  the  temperature  of  the  bath,  and  the  quantity 
of  liquid  in  it  is  then  adjusted  to  the  mark  on  &.  The 
capillary  effect  of  the  narrow  end  of  a  keeps  a  full,  so 
that  if  a  piece  of  filter  paper  be  held  against  a,  liquid  will 
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be  withdrawn  from  6.  If  there  is  too  little  liquid,  a  drop 
on  the  end  of  a  glass  rod  is  held  against  the  end  of  a  and 
liquid  will  flow  into  h.  The  tube  is  then  taken  out  of 
the  bath,  wiped  with  a  linen  or  silk  cloth,  and  weighed. 
Evaporation  does  not  take  place  rapidly  from  the  small 
exposed  surfaces  in  a  Sprengel  pyknometer,  so  that  it  may 
be  used  for  water  and  aqueous  solutions  without  any 
trouble.  For  more  volatile  liquids,  glass  caps  ground  to 
fit  the  ends  serve  to  prevent  evaporation. 

The  conditions  of  pressure  and  temperature  under  which 
the  weigliing  is  made  are  sufficiently  definite :  for  the 
fluctuations  of  atmospheric  pressure  do  not  produce  a 
variation  of  more  than  200V00  pai^  iii  the  volume,  while 
the  temperature  is  that  of  the  water  bath,  and  may  con- 
veniently be  I'ead  to  rJo°  which  corresponds,  for  an  ordinary 
liquid,  to  a  variation  of  about  xttthjott  volume.  To 

make  a  set  of  comparable  measurements,  it  is  desirable  to 
use  a  thermostat,  so  as  to  keep  the  pyknometer,  during 
filling,  always  at  the  same  temperature.  An  account  of 
suitable  thermostats  is  given  in  Ostwald's  Handbook  of 
Physico-Chemical  Measurements,  chap.  v. 

Two  corrections  have  to  be  applied  to  the  density  as 
measured :  (a)  for  displacement  of  air,  (&)  for  the  density 
of  water  at  the  temperature  of  observation.  The  density  of 
air  may  be  taken  as  0-0012  gms.  per  c.c.  under  ordinary 
conditions  of  weighing:  hence  for  every  cubic  centimetre 
of  liquid  in  the  pyknometer  1-2  mgms.  of  air  are  displaced  ; 
but  from  that  must  be  deducted  the  displacement  by  the 
weights;  if  the  latter  are  of  brass  this  amounts  to  0-15 
mgms.  of  air  per  gm.  of  weight.  Accordingly  the  true 
weight  of  water  is  1-00105  times  the  apparent  weight,  while 
to  get  the  true  weight  of  the  experimental  liquid  we  must 
add  1-2  mgms.  for  each  c.c.  and  deduct  0-15  mgms.  for  each 
gram.  If  then  three  weighings  be  made  wdth  the  pykno- 
meter, (i)  dry,  (ii)  full  of  water,  (iii)  full  of  the  liquid  to  be 
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ineasiu-ed,  calling  the  difference  of  (i)  and  (ii)  Wq,  and  the 
difference  between  (i)  and  (iii)  W,  we  have 
true  weight  of  water  =  W^xl-Q0\05, 
true  weight  of  experimental  liquid 

=  ]r+o-ooi2Tr„-o-oooi5  >r, 

and  the  specific  gravity  referred  to  water  at  the  temperature 
of  the  experiment  is 

lF+0-0012  I'Fo- 0-000 15  W 


D  = 


1-00105 


This  must  be  multiplied  by  the  density  of  water  at  f  to 
give  the  actual  density  of  the  other  liquid.  The  density 
of  water  is  given  in  the  following  table  ' :  the  temperature 
is  measured  on  the  normal  hydrogen  scale. 

Temperature.  Density.  Specific  volume. 

o"  0-9998679  1-0001321 

3.98  I  I 

10  0-9997272  I-0002728 

15  0.9991263  1-0008745 

20  0-9982298  1-0017733 

25  0-9970714  1-0029372 

30  0-9956732  1.0033456 

35  0-9940576  1.0059779 

40  0-9922417  1-0078190 


§  2.    Thermal  Expansion  of  Fluids. 

The  absolute  density  or  specific  volume  of  a  liquid  having 
been  determined  at  one  temperature  by  the  pyknometer, 
the  change  of  density  with  temperature  may  most  con- 
veniently be  found  by  a  dilatometer  such  as  that  shown 
in  Fig.  14.  It  consists  of  a  bulb  of  5  to  10  c.c.  capacity, 
provided  with  two  capillary  tiibes  :  of  these,  one  is  merely 
for  the  purpose  of  convenient  filling,  the  other  plays  the 
same  part  as  the  tube  of  a  thermometer.  The  end  of  &  is 
immersed  in  the  liquid  to  be  measured,  and  by  sucking 
at  a  the  dilatometer  is  filled  as  far  as  the  lowest  mark 

'  Thiessen,  Scheel,  and  Diesselhorst,  Wied.  60.  340-9  (97). 
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on  a.  The  end  of  h  is  then  closed,  best  by  a  small  glass 
plate,  held  in  place  by  a  screw,  and  provided 
with  a  scrap  of  sheet  rubber  to  make  the  joint 
tight.  The  tube  is  then  immersed  in  a  water 
bath,  and  heated  till  the  liquid  reaches  the 
various  marks  on  the  tube  in  turn.  In  order 
to  use  a  fine  tube  for  a  and  yet  not  too  long, 
several  small  bulbs  may  be  blown  on  it.  The 
volume  of  the  main  bulb  and  of  the  various 
divisions  of  a  is  determined  by  calibration 
w^ith  mercury.  A  more  perfect  closure  of  the 
end  of  h  may  be  obtained  by  drawing  out,  and 
after  filling  fusing  in  the  flame  :  but  this  alters 
slightly  the  volume  of  the  dilatometer  at  each 
experiment. 

If  Vf^  be  the  volume  of  the  bulb  and  so  much 
of  the  tube  as  is  occupied  by  liquid  when  at 
the  freezing  point,  v^  the  volume  occupied  at 
then  the  aj)parent  mean  coefficient  of  expansion 


i 


¥ 
¥ 


(( 


Fig.  14. 


between  0"  and  f  is 


The  coefficient  is,  however,  actually  greater 
than  this  by  the  coefficient  of  expansion  of 
glass,  which  may  be  taken  as  0-000025.  If 
the  coefficient  of  expansion  is  the  same  at  all 
temperatures,  the  volume  at  f  may  be  written 

more  generally  an  equation  in  three  terms, 

is  required  to  express  the  experimental  results 
with  sufficient  accuracy.    [In  the  latter  case, 
the  true  coefficient  of  expansion  at  is 

  =  a+2bt.] 
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§  3.    Vapour  Pressure  and  Critical  Point. 

While  obsen^ations  with  the  pyknometer  and  dilatometer 
are  withia  the  ordinary  practice  of  a  laboratory,  and  may 
be  made  with  ease  on  any  liquid  that  is  to  be  studied, 
measurements  of  compressibility  of  liquids  are  difficult, 
and  require  more  elaborate  apparatus.  The  same  is  true 
with  regard  to  the  compression  of  gases,  when  measure- 
ments are  to  be  made  with  sufficient  accuracy  to  show 
the  deviations  from  Boyle's  law.  We  will  therefore  only 
make  use  of  certain  results  obtained,  and  refer  for  details 
to  the  text-books  of  physics,  and  especially  to  the  classical 
papers  of  Amagat 

When  a  gas  is  compressed,  the  temperature  being  kept 
constant,  it  may  condense  to  a  liquid,  or  it  may  become  con- 
tinuously denser  and  denser  but  Without  showing  any  sudden 
transition.  Which  of  the  two  will  happen  depends  on  the 
temperature  of  the  gas ;  below  a  certain  point  called  the 
critical  temperature,  liquefaction  occurs  on  the  application  of 
sufficient  pressure ;  two  layers  of  fluid — the  denser,  liquid, 
and  the  lighter  vapour— then  exist  in  equilibrium;  if  the 
volume  occupied  by  the  fluid  be  then  reduced  further,  that 
will  only  result  in  the  condensation  of  more  of  the  vapour, 
\^athout  rise  of  pressure,  so  long  as  any  vapour  is  left.  The 
pressure  existing  when  the  two  layers  of  fluid  are  in  equi- 
librium is  known  as  the  maximum  or  saturation  pressure. 
If  the  temperature  be  above  the  critical  point  no  such 
phenomena  are  observed,  the  fluid  being  homogeneous 
however  strongly  compressed. 

The  critical  point  may  be  observed  by  forcing  a  sufficient 
quantity  of  gas  into  a  strong  glass  tube  closed  by  a  mercury 
column.  The  tube  is  surrounded  by  a  jacket  of  liquid  or 
vapour  to  maintain  a  constant  temperature,  and  pressure 

'  E,  H.  Amagat,  Arm.  Chim.  Phys.  (4)  29.  (5)  8.  11.  19.  22.  28.  29. 

a 


82 


PHYSICAL  CHEMISTRY 


applied  by  means  of  the  mercury ;  the  temperature  of  the 
bath  is  then  adjusted  so  that  compression  can  be  carried  out 
without  the  formation  of  two  layers,  but  on  cooling  very 
slightly,  condensation  may  be  observed  when  the  pressure 
is  given  the  right  value.  In  this  way  the  critical  point  for 
carbon  dioxide,  which  is  about  31°,  may  easily  be  observed, 
and  the  corresponding  pressure,  the  limit  to  the  saturation 
pressure  as  the  temperature  reaches  the  critical  value,  is 
found  to  be  73  atmos.  If  the  substance  experimented  on 
is  liquid  at  ordinary  temperatures  the  same  process  may 


pressure  may  be  read  off  a  gauge  attached  to  the  com- 
pression apparatus,  and  the  critical  volume,  i.  e.  the  specific 
volume  of  the  fluid  under  critical  temperature  and  pressure, 
may  be  estimated,  at  least  roughly,  if  the  compression 
tube  be  calibrated;  for  details,  see  S.  Young ^  When, 
on  account  of  high  pressure  or  chemical  activity,  glass 
tubes  are  not  available  for  the  experiment,  a  method 
due  to  Cailletet  and  Colardeau^,  and  used  by  them  for 
water,  may  be  adopted.  A  steel  tube  of  ample  strength  is 
taken,  and  an  amount  of  the  fluid  placed  in  it,  shut  off  by 

>  S.  Young,  PhU.  Mag.  (5)  33.  153-85  (1892). 

*  Cailletet  and  Colardeau.  Ann.  Chim.  Phys.  (6)  25.  519-34  (1892). 


200 
atmo. 


P 


Fig.  15. 
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be  adopted,  and  the  fill- 
ing of  the  tube  needs  no 
special  appliances.  A 
few  gases,  e.g. hydrogen, 
oxygen,  carbon  monox- 
ide, have  critical  points 
much  below  the  atmo- 
spheric temperature, 
and  accordingly  require 
special  cooling  baths, 
but  otherwise  the  ex- 
perimentation is  similar. 
In  any  case,  the  critical 
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mercury,  such  that  on  heating  to  the  critical  point  it  will 
neither  altogether  evaporate  nor  fill  the  tube  with  liquid  ; 
so  long  as  the  critical  temperature  is  not  reached,  there  will 
be  a  definite  saturation  pressure  corresponding  to  each 
temperature,  however  much  fluid  be  used,  provided  the 
above  condition  is  satisfied.  If  the  results  of  the  experi- 
ments are  shown  graphically,  a  single  vapour  pressure  curve 
(Fig.  15)  will  be  obtained.  Beyond  the  critical  point,  how- 
ever, the  pressm-e  in  the  tube  will  be  greater,  the  more  fluid 
it  contains ;  and  by  making  a  series  of  measurements  with 
different  quantities  of  fluid,  a  sheaf  of  curves  will  be 
obtained,  branching  out  from  the  critical  point,  which  is 
thus  defined. 


§  4.    Theoretical  Relations  at  the  Critical  Point :  Law 
of  Correspondence. 

Numerous  attempts  have  been  made  to  express  the  results 
of  measurement  on  the  relation  of  volume  to  pressure  and 
temperature  by  a  single  equation  which  shall  be  applicable 
to  both  liquid  and  gaseous  states.  The  most  important  of 
these  attempts  is  that  of  van  der  Waals.  Other  equations 
than  his  have  been  found  which  express  the  experimental 
results  more  closely,  but  they  are  more  complicated,  and 
contain  a  greater  number  of  arbitrary  constants,  and  so 
are  less  intelligible  theoretically;  we  shall  therefore  only 
refer  to  van  der  Waals'  equation  ^ 

RT 

The  characteristic  equation  to  a  perfect  gas,  p  =  > 

V 

when  applied  to  an  actual  substance,  is  found  to  depart 
from  the  truth  chiefly  in  the  two  following  ways:  (i)  it 
implies  that  when  the  pressure  on  the  gas  is  indefinitely 
increased  the  volume  would  be  indefinitely  diminished, 

^  Van  der  Waals,  On  the  Continuity  of  the  Liquid  and  Gaseous  States  of 
Matter.    English  translation,  164  pp.    Taylor  &  Francis,  London. 

G  2 
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whereas  exiDeriment  shows  that  the  volume  tends  to  a  finite 
limiting  value,  below  which  it  cannot  be  reduced  by  any 
pressure,  however  great ;  (ii)  when  the  volume  of  the  fluid 
is  small  there  is  an  appreciable  surface  tension,  which, 
acting  like  an  elastic  skin  over  the  fluid,  balances  a  part  of 
the  internal  pressure  due  to  the  movement  of  the  molecules, 
leaving  only  the  remainder  to  be  equated  to  the  applied 
external  pressure.  The  phenomenon  of  surface  tension  is 
well  known  in  liquids,  and  it  may  reasonably  be  taken  to 
dejjend  on  the  closeness  of  the  molecules  of  a  fluid  and  the 
consequent  forces  of  attraction  between  them,  and  accord- 
ingly should  be  shown  by  a  highly  compressed  gas  as  well  as 
by  a  liquid.  Van  der  Waals  took  the  pressure  thus  produced 
to  be  inversely  proportional  to  the  square  of  the  specific 

a 

volume  of  the  fluid,  getting  thus  a  term  ^  to  be  added  on 

to  the  external  pressure  in  order  to  arrive  at  the  pressure 
actually  obtaining  in  the  interior  of  the  liquid :  a  being 

a 

a  constant  for  each  fluid.    Hence  there  is  a  pressure  P  +  ^ 

to  produce  compression,  and  van  der  Waals  assumed  that 
this  is  inversely  proportional  to  the  excess  of  the  volume 
over  the  limiting  volume  6,  or 

a  RT 


This  equation,  which  may  be  regarded  as  a  first  approxi- 
mation to  the  truth,  brings  out,  inter  alia,  the  phenomenon 
of  the  critical  point :  remembering  that  the  critical  point  is 
the  limit  at  which  the  two  states,  liquid  and  saturated 
vapour  in  equilibrium,  pass  over  into  a  single  state,  gas, 
it  is  possible  to  calculate  the  critical  temperature  (Tc), 
pressm-e  {^c),  and  volume  {vc),  the  results  being 
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vc=  36. 

[Van  der  Waals'  equation  is  a  cubic  in  v,  having  in 
general  three  different  roots ;  the  critical  point  is  that  for 
which  the  three  roots  are  equal,  i.  e.  the  three  values  of  v 
corresponding  to  a  given  pressure  and  temperature  become 
identical.] 

It  follows  that  if  the  constants  in  van  der  Waals'  equation 
be  obtained  by  measurements  taken  over  any  range  of 
pressure  and  volume,  the  critical  constants  may  be  calcu- 
lated from  them.  Or  conversely,  if  it  is  more  convenient 
to  measure  the  critical  point  experimentally,  the  equation 
may  be  wi-itten  down  by  that  means,  and  so  the  volume 
corresponding  to  any  other  pressure  and  temperature  be 
calculated.  The  most  important  of  the  three  relations  just 
mentioned  is  the  thii'd,  which  states  that  the  specific  volume 
in  the  critical  state  is  three  times  the  limiting  volume  under 
indefinitely  great  pressure.  Since  in  a  liquid  under 
ordinaiy  conditions  the  volume  is  nearly  as  small  as  the 
limiting  volume,  the  critical  volume  is  approximately  three 
times  that  in  the  liquid  state. 

Van  der  Waals'  equation  leads  to  a  very  important 
conclusion  if  the  volume,  pressure,  and  temperature  be 
expressed  as  fractions  of  their  critical  values.    So  expressed 

V 

they  are  called  the  reduced  volume,  say  co  =  —  j  pressure 

Vc 

V  T 
=  — '  and  temperature    —  jT'  Substituting  co,  tt,  and  r 

for  u,  x>)  and  T  in  the  original  equation,  we  get 

(7T+-)(3c.-l)  =  8r, 

an  equation  containing  no  arbitrary  constant.  That  is  to 
say,  the  relation  between  the  reduced  volume,  pressure,  and 
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temperature  is  the  same  for  all  substances.  This  result 
may  be  otherwise  expressed  as  follows:— if  two  fluids  be 
taken  under  conditions  of  pressure  and  temperature,  which 
are  the  same  fractions  of  their  respective  critical  pressures 
and  temperatures,  then  their  volumes  will  be  the  same 
fraction  of  their  respective  critical  volumes  ;  such  conditions 
are  known  as  corresponding  pressures  aiid  temperatures,  and 
the  law  is  sometimes  called  that  of  corresponding  states. 

It  should  be  carefully  noted  that  though  van  der  Waals' 
equation  leads  to  the  law  of  corresponding  states,  that  law, 
if  true,  does  not  necessarily  imply  the  truth  of  van  der 
Waals'  equation.  The  relations  between  volume,  pressure, 
and  temperature  may  conveniently  be  represented  by  means 
of  a  diagram  in  which  p  and  v  are  taken  as  ordinate  and 
abscissa,  and  lines  are  drawn  showing  the  relations  at  suc- 
cessive constant  temperatures  {isothermal  lines).  If  such 
diagrams  be  drawn  for  two  substances,  and  then  the  scales 
of  one  of  them  be  altered  so  as  to  make  the  two  critical 
points  coincide,  the  law  of  correspondence  implies  that  the 
two  sets  of  isothermals  will  coincide  throughout,  whether  they 
have  the  particular  shape  calculated  from  van  der  Waals' 
equation  or  not.  Amagat  made  comparisons  of  the  kind 
by  means  of  an  optical  apparatus  which  formed  a  magnified 
or  reduced  image  of  one  diagram  on  the  paper  bearing  the 
other,  so  that  a  glance  was  sufficient  to  tell  whether  the  two 
coincided  or  not. 

The  most  complete  tests  of  the  law  of  corresponding 
states  are  contained  in  the  papers  of  Amagat',  who  made 
measurements  on  six  gases  and  twelve  liquids,  in  apparatus 
of  special  construction,  capable  of  standing  1,000  atmos. 
pressure  at  a  temperature  of  over  200°  and  3,000  atmos.  at 
ordinary  temperatures ;  and  of  Young^  whose  measurements, 
made  on  some  twelve  substances,  all  liquid  under  ordinary 

1  Ann.  Chim.  Phys.  (6)  29.  68-136,  505-74  (93). 

2  S.  Young,  Phil.  Mag.  (5)  33.  153-85  (92). 
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circumstances,  reached  to  more  than  400°  in  tempera- 
ture, but  in  pressure  only  to  some  75  atmos. ;  a  range, 
however,  sufficient  to  include  the  critical  points  of  the 
liquids  chosen.  Young  chose  jSuorbenzene  as  a  typical 
organic  liquid,  for  a  standard  of  comparison,  and  prepared 
tables  showing,  at  successive  corresponding  temperatures, 
the  ratio  of  the  saturation  pressure  of  each  liquid  to  that  of 
fluorbenzene ;  if  the  law  of  correspondence  be  true,  the 
ratio  of  the  vapour  pressures  will  be  constant.  Similarly 
other  tables  showed  the  specific  volumes  of  the  liquid  and 
saturated  vapour  of  each  fluid  by  comparison  with  those  of 
fluorbenzene,  and  again  the  numbers  are  constant  or 
variable  according  as  the  law  of  correspondence  holds  or 
not.  We  have  not  space  for  anything  more  than  brief 
extracts  from  Young's  results,  of  which  the  first  may  be  the 
table  of  critical  constants,  following. 


Substance. 


Fluorbenzene 
Chlorobenzene 
Bromobenzene 
lodobenzene  . 
Benzene 
Carbon  tetrachloride 
Tin  tetrachloride  . 
Ethyl  ether  . 
Methyl  alcohol 
Ethyl  alcohol 
Propyl  alcohol 
Acetic  acid 


Formula. 


CsHjCl 
CeHgBr 

CCl, 
Sn  CI4 

CH3OH 
C2H5OH 
C,H,OH 
CH3COOH 


Mol.  wt. 

Tc 
(abs.). 

Po 
(mm.  of 

Hg.). 

"0 
(c.c. 

per 
gm.). 

95-8 

559-55 

33,912 

2. 822 

I  12-2 

633- 

33,912 

2-731 

156.6 

670- 

33,912 

2.059 

203.4 

721. 

33.912 

1-713 

77.84 

561-5 

36,395 

3-293 

153-45 

556-15 

34,180 

1-799 

259-3 

591-7 

28,080 

1-347 

73-84 

467-4 

27,060 

3-801 

31-93 

513-0 

59,760 

3-697 

45-90 

5i6.r 

47,850 

3-636 

59-87 

536-7 

38,120 

3-634 

59.86 

594-6 

43,400 

2.846 

From  these  numbers  corresponding  temperatures  may  be 
reckoned,  e.  g.  410-4°  abs.  is,  for  fluorbenzene,  0-7335  of  the 
critical  temperature ;  to  this  corresponds,  for  ethyl  alcohol, 
378-85°  since 

410-4  _  378-55 
559-55  ~  516-r 


—    -  =  0-7335. 


Experiment  shows  that  at  410-4°  fluorbenzene  has  a  vapour 


88 


PHYSICAL  CHEMISTRY 


pressure  of  3,000  mm.,  while  at  378-55°  alcohol  has  2,042 

mm.    These  two  numbers  are,  however,  not  the  same 

fraction  of  the  critical  pressures  of  the  two  liquids:  the 

reduced  pressures  are 

,    „     1  3,000 

lor  fluorbenzene  tt  =  ^-—^  =  0-0885, 

.      11,  2,042 

for  alcohol  tt  =  ^y-g^  =  0-0427. 

Accordingly  the  law  of  correspondence  is  far  from  being 
verified  in  the  case  of  alcohol.  On  the  other  hand,  it  is 
very  approximately  true  for  substances  of  similar  chemical 
constitution  ;  this  appears  in  the  following  table  for  chloro- 
benzene : — 

r.  tr  Ratio. 

(fluorbenzene.) 
0-486  0-0006  0-998 

0-639  0-0223  1-005 

0-733  0.0885  0-993 

0-  822  0-2360  I-OOO 
o  928                  0-5900  1-007 

1-  OOO  I-OOOD  I-OOO 

The  third  column  shows  the  ratio  between  the  vapour 
pressure  of  chlorobenzene  and  that  of  fluorbenzene.  It  does 
not  differ  from  unity  by  more  than  can  be  accounted  for 
by  experimental  errors. 

The  chief  conclusions  that  Young  arrives  at  are  as 
follows: — the  law  of  correspondence  is  true  very  aj^proxi- 
mately,  if  not  exactly,  for  the  group  of  halogen  derivatives 
of  benzene  ;  it  is  a  rough  approximation  to  the  truth  as 
regards  comparisons  between  fluorbenzene  and  carbon  tetra- 
chloride, stannic  chloride,  and  ether  ;  it  is  not  at  all  true 
for  comparisons  between  fluorbenzene  and  the  alcohols  or 
acetic  acid,  except  as  regards  the  molecular  volume  of  the 
liquid  at  corresponding  temperatures  or  pressures.  But  the 
three  alcohols,  methyl,  ethyl,  and  propyl,  show  about  as 
much  correspondence  amongst  themselves  as  in  the  group 
CCl^,  SnClj,  (C2Hj\0.  Further,  when  only  an  apj^roximate 
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correspondence  exists,  it  is  closest,  in  the  case  of  the  volume 
either  of  liquid  or  saturated  vapour,  at  corresponding  pres- 
sures. 

Certain  empirical  relations  have  been  discovered  in  the 
course  of  measiu-ements  on  the  critical  state,  of  which  one 
of  the  most  important  was  stated  by  Cailletet  and  Mathias, 
under  the  name  of  the  law  of  rectilinear  diameter.  It  is 
found  that  the  sum  of  the  densities  of  the  saturated  vapour 
and  liquid  at  any  temperature  is  a  linear  function  of  the 
temperature :  this  rule  extends  up  to  the  critical  point 
where  the  two  densities  become  identical.  Accordingly,  if 
a  curve  be  drawn  showing 
the  relation  between  density  n 
and  temperature  t  (Fig.  16),  it 
will  be  approximately  para- 
bolic in  shape,  the  branch  cl 
showing  the  density  of  the 
liquid  under  its  own  vapour 
pressure,  and  cv  that  of  the 
saturated  vapour.  If  the 
mean  between  the  two  be 
found,  at  various  temj)era- 
tures,   points   will   be   ob-  yig.  16. 

tained,  the  locus  of  which 

is  a  diameter  of  the  curve  lcv  according  to  the  definitions 
of  geometry.  That  diameter  appears  to  be  very  exactly 
a  straight  line,  except  in  the  case  of  water,  and  one  or  two 
more  abnormal  liquids.  As  this  law  appears  to  hold,  for 
most  liquids,  quite  up  to  the  ciitical  point,  the  critical 
density  can  be  found  by  marking  off  points  on  the  diameter 
and  producing  that  line  upwards  till  it  reaches  the  critical 
temperature.  This  is  preferable  to  direct  measurement  of 
the  critical  volume,  for,  as  appears  from  the  curve,  a  very 
small  change  in  pressure  produces  a  very  great  change  of 
volume  in  the  neighbourhood  of  the  critical  point,  so  that 
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the  volume  can  only  be  determined  roughly ;  the  numbers 
given  by  Amagat  and  others  for  the  critical  volume  are 
found  by  means  of  the  law  of  rectilinear  diameter. 

Eesults  of  observations  on  the  behaviour  of  fluids 
under  varying  pressure  and  temperature  may  be  con- 
veniently expressed  by  the  ratio  of  the  actual  to  the 
theoretical  density  ;  meaning  by  the  latter  term,  the  density 
the  fluid  would  possess  under  the  given  pressure  and  tem- 
perature if  it  were  a  perfect  gas.     Now  the  molecular 

liT 

volume  of  a  perfect  gas  is  =  3  so  that  if  v  be  the  actual 

P 

molecular  volume  of  a  fluid  at  pressure  p  and  temperature 
RT  . 

the  ratio  v  :  is  that  between  the  actual  and  theoretical 

P 

RT 

volumes,  or  ^^'-"^  between  the  correspondmg  densities. 

S.  Young  finds  that  at  the  critical  point  the  latter  ratio  is 
very  close  to  3-8  for  benzene  and  its  halogen  derivatives 
C  CI4,  SnCl^,  and  ether;  while  the  anomalous  liquids 
examined  by  him  give 

RT 
■  :  V. 

P 

Methyl  alcohol  4-54 
Ethyl  alcohol  4-04 
Propyl  alcohol  4^04 
Acetic  acid  5-03 

To  these  may  be  added,  from  other  sources, 

Water  3-10  (Battelli) 

Carbon  dioxide      3-62  (Amagat) 

It  may  be  noted  that,  according  to  van  der  Waals'  equa- 
tion, we  should  have 

RTc      8a      27  b'-  ^. 

 =  7^  X   =  80, 

pc       276  a 

while  vc=  36. 

So  that  the  ratio  of  the  actual  to  theoretical  density  at  the 


PHYSICAL  CONSTANTS 


91 


critical  point  would  be  8 :  3.  It  is  found  to  be  greater  than 
this  in  all  the  above  cases,  and  van  der  Waals'  equation  is 
only  to  be  regarded  as  a  rough  approximation  to  the  truth. 

§  5.    Atomic  Volume. 

While  the  general  relations  between  volume  pressure  and 
temperature  have  so  far  led  to  hardly  any  knowledge  of 
chemical  constitution  beyond  the  distinction  between  normal 
and  abnormal  liquids,  certain  regularities  have  been  observed 
on  comparing  the  volumes  of  many  different  liquids  under 
more  restricted,  but  still  comparable,  circumstances.  Kopp 
first  employed  the  conception  of  the  molecular  volume,  and 
in  order  to  get  comparable  results  measured  it  always  at 
the  boiling  point  of  the  liquid  under  atmospheric  pressure. 
In  doing  so  he  practically  adopted  temperatures  such  as 
have  since  been  defined  as  'corresponding,'  for  the  boiling 
point  of  a  liquid  differs  but  little  from  two-thirds  of  its  critical 
temperature.  Under  this  condition  Kopp  endeavoured  to 
show  that  the  molecular  volume  may  be  regarded  as  the 
sum  of  terms  contributed  by  the  various  atoms  in  the 
molecule,  and  which  he  accordingly  called  the  atomic 
volumes. 

The  atomic  volumes  of  the  elements  entering  into  the 
composition  of  organic  substances  are  given  by  Kopp  as 
follows : — 


Carbon  .... 

Il.O 

Oxygen  .... 

.  7-8 

(Carbonyl  oxygen) 

12-2 

Hydrogen   .    .  . 

•  5-5 

22-8 

Bromine.    .    .  . 

27.8 

Iodine  .... 

37-5 

Sulphur  .... 

.  22.6 

These  numbers  are  obtained  by  comparing  the  molecular 
volumes  of  a  large  number  of  compounds,  and  are  such  as 
come  nearest  to  satisfying  the  conditions  thus  given,  but 
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they  must  not  be  looked  upon  as  exact.  The  molecular 
volume  is  not,  in  fact,  an  additive  property  ;  i.  e.  it  cannot 
be  expressed  as  the  sum  of  parts  each  of  which  refers  to 
one  of  the  atoms  only ;  rather,  for  an  exact  treatment  of 
the  subject,  the  constitution  of  the  molecule  would  need 
to  be  considered  ;  in  one  instance,  indeed,  constitution  is 
taken  into  account  in  the  above  list  of  values.  The  in- 
fluence of  an  oxygen  atom  on  the  molecular  volume  of  the 
compound  varies  too  much  to  be  expressed  even  roughly 
by  one  number,  but  oxygen  comj)ounds  may  be  divided 
into  two  classes,  with  an  approximately  constant  atomic 
volume  for  each ;  when  the  oxygen  atom  has  both  its 
valencies  saturated  by  the  same  carbon  atom,  forming  the 
carbonyl  group  (=  C  =  O),  its  volume  in  the  compound 
is  12-2,  in  other  cases  it  is  7-8. 

By  means  of  the  above  table  the  molecular  volume  of 
a  liquid  may  be  calculated  with  accuracy,  usually  of  two 
or  three  per  cent.    As  an  example,  acetone,  CH3.  CO  .CH3, 

^^^^^  3  Carbon  atoms    ....  33-0 

6  Hydrogen  atoms  .  .  .  33-0 
1  Carbonyl  oxygen  atom    .  12-2 

78-2 

for  the  theoretical  molecular  volume. 

Its  molecular  weight  is  58-05,  and  its  density  at  its 
boiling  point  (55-5°)  =  0-749,  hence  the  actual  molecular 
volume  is  58-05-T-0-749  =  77-5. 

It  has  been  found  more  difficult  to  express  the  behaviour 
of  nitrogen  by  means  of  an  assumed  atomic  volume,  than 
the  other  elements,  as  its  influence  varies  largely  according 
to  its  position  in  the  molecule.  For  further  details  "svith 
regard  to  molecular  volumes  we  must  refer  to  Ostwald's 
Lehrbuch  d.  Allg.  Chemie  (vol.  1),  where  the  subject  is  treated 
at  length  ;  many  rules  applicable  to  particular  groups  of 
bodies  have  been  worked  out,  but  no  generalizations  of 
importance  arrived  at  so  far. 
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According  to  J.  Traube the  molecular  volume  is  more 
exactly  expressed  by  adding  to  the  sum  of  the  atomic 
volumes  a  certain  constant  which  he  calls  the  co-volume, 

§  6.    Refractive  Index. 

The  refraction  of  light  by  transparent  liquids  furnishes 
a  set  of  physical  constants  which  may  be  conveniently  and 
accurately  measured,  and  which  are  found  to  possess 
regularities  similar  to  those  of  the  molecular  volume ; 
much  study  has  been  devoted  to  the  problem  of  calculating 
the  constants  of  refraction  from  the  comj)osition  and  con- 
stitution of  the  compounds,  and  we  shall  give  some  of  the 
leading  results  below.  When  light  passes  from  one  medium 
into  another  it  is  found,  usually,  that  the  incident  ray,  the 
refracted  ray,  and  the  normal  to  the  surface  between  the 
media,  are  in  one  plane.  (The  exceptions  are  in  certain 
cases  of  refraction  by  crystals,  with  which  we  are  not  at 
present  concerned.)  The  angles  made  by  the  incident  and 
refracted  rays,  respectively  with  the  normal,  are  called  the 
angles  of  incidence  and  of  refraction.  If  these  be  called 
c/)j,  (^^,  it  is  found  (still  with  the  exception  of  certain 
crystals)  that 

/Xj  sin  </)j  =     sin  (/), , 

where  /^j,  [i^  are  constants  depending  on  the  nature  of  the 
media,  and  are  called  the  refractive  indices.  It  is  immaterial 
which  of  the  two  angles  is  regarded  as  the  angle  of  incidence, 
for  if  a  ray  of  light  will  pass  along  a  certain  path  in  one 
sense,  it  will  pass  along  the  same  path  in  the  opposite  sense, 
so  that  the  incident  and  refracted  rays  are  really  inter- 
changeable. Numerical  values  for  the  refractive  indices 
are  obtained  by  choosing  that  of  air,  or  of  vacuum,  as 
unity.    Accordingly,  if  one  of  the  two  media,  say  the 

1  J.  Traube,  numerous  papers  in  the  Ber.  d.  Deutsch.  Ch.  Ges.,  1891, 
and  onwards. 
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first,  be  air,  as  commonly  happens,  the  above  equation 
reduces  to 

sin  01  =  fx  sin  <p^, 
and  measurement  of  the  angles  yields  the  value  of  /x,  the 
refractive  index  of  the  second  medium.  Air  and  vacuum 
do  not  differ  much  in  refractive  index  from  one  another, 
but  in  exact  work  it  is  necessary  to  define  precisely  the 
standard  adopted,  which  is  most  frequently  air,  free  from 
M'ater  vapour,  at  15°C.  and  760  mm.  pressure.  Such  air 
has  a  refractive  index  (for  sodium  light)  of  1-000277  referred 
to  a  vacuum. 

The  refi-active  index  of  a  liquid  may  best  be  measured 


A 


Fig.  17. 


by  means  of  a  spectrometer.  A  spectrometer  consists 
essentially  of  an  illuminated  slit  jDlaced  at  the  principal 
focus  of  a  lens  (the  collimating  lens)  arranged  so  as  to 
throw  a  beam  of  parallel  hght  on  one  face  of  a  piism  of 
the  substance  to  be  measured ;  the  beam  is  deviated  on 
passing  through  the  prism,  and  on  emergence  received 
by  a  telescope  focussed  for  parallel  rays.  The  path  of  the 
light  is  shown  in  Pig.  1 7  .  abc  is  a  plan  of  the  piism, 
the  refraction  depending  on  the  angle  a  between  the  two 
working  faces  ba  and  ca.  A  ray  follows  the  path  lmop, 
making  at  the  first  surface  the  angle  of  incidence  lmn,  and 
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at  the  second  the  angle  of  emergence  n'op.  In  general  it 
would  be  necessary  to  measure  these  two  angles  as  well  as 
the  angle  at  a  in  order  to  find  the  refractive  index  of  the 
prism  ;  if,  however,  the  prism  is  put  symmetrically  with 
regard  to  the  collimator  and  telescope,  so  that  lmn^n'op, 
the  number  of  angular  measurements  required  is  reduced 
by  one.  It  is  then  only  necessary  to  observe  the  angle  of 
deviation  (which  is  then  a  minimum),  i.  e.  the  angle  between 
LM  and  OP,  or  between  the  axis  of  the  collimator  and  the 
axis  of  the  telescope.    Then  it  may  be  shown  that  if 

i  —  angle  of  the  prism  at  a, 
d  —  angle  of  deviation, 

.  i+d 

sm-— 

sin- 

To  measure  a  glass  or  a  crystal,  a  solid  prism  is  cut  from 
the  specimen  and  its  angles  determined.  Tor  a  liquid, 
a  hollow  prism  of  glass  is  employed ;  this  is  usually  made 
by  drilling  a  hole  1  to  2  cm.  in  diameter  horizontally 
through  the  prism  between  the  faces  ab,  ac,  and  closing 
the  ends  of  it  by  carefully  ground  glass  plates.  A  hole  in 
the  top  of  the  prism  allows  of  pouring  in  the  liquid  and 
inserting  a  thermometer ;  the  effective  angle  of  the  prism 
of  liquid  is  then  the  angle  between  the  faces  ab,  ac,  as 
the  glass  plates,  if  ground  truly  parallel-sided,  are  without 
influence  on  the  result.  For  details  of  construction  and 
use  of  the  spectrometer  reference  must  be  made  to  the 
handbooks  of  laboratoiy  practice  ;  it  belongs,  however,  to 
the  most  accurate  of  physical  instruments ;  an  accui-acy  of 
1  in  10,000  is  easily  obtained  by  it,  and  with  a  first-rate 
instrument  1  in  1,000,000  may  be  approached.  In  order 
to  obtain  such  results,  however,  a  corresponding  degree  of 
accuracy  must  be  attained  in  measuring  the  temperature 
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of  the  substance  forming  the  prism.  The  temperature 
coefficients  of  the  refractive  indices  of  solids  are  mostly 
small,  and  may  be  neglected  except  when  the  highest 
precision  is  aimed  at ;  that  is  not  the  case  with  liquids, 
except  perhaps  water  and  aqueous  solutions.  The  following 
short  table  will  give  a  notion  of  the  magnitude  of  the 
correction  involved :  — 

Refractive  indices  for  sodium,  liglit 

at  i8°.         decrease  per  i°. 
Ethyl  alcohol    .    .    .    1-^62/^  0-00040 

Benzene  i'5024  64 

Carbon  disulphide  .  1-6294  79 
Water  i-333i  08 

Accordingly,  the   organic   liquids   mentioned   may  be 
measured  to  1  in  10,000  if  their  temperature  be  observed 
to  about  \  degree,  but  to  get  results  correct  to  six  places 
of  decimals  would'  need  the  practically  unattainable  con- 
dition of  a  temperature 
constant  and  known  to 
5-5o  degree. 

The  spectrometer, 
however,  is  a  somewhat 
tedious  and  inconvenient 
instrument  to  use.  For 
rapid  measurement  of 
the  refractive  index  of 
a  liquid  several  instru- 
ments have  been  devised, 
of  which  probably  the 
best  is  that  of  Pulfrich. 
The  most  essential  parts  of  this  are  shown  in  Fig.  18. 
A  right-angled  prism  stands  with  its  faces  vertical  and 
horizontal,  and  bears  on  the  upper  face  a  short  glass  tube 
some  15  mm.  in  diameter.  The  tube  is  attached  with 
cement,  and  serves  to  contain  the  liquid  to  be  measured, 
of  which  one  or  two  grams  is  sufficient ;  it  is  closed  at 
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the  top  by  a  cork,  through  which  a  thermometer  passes. 
A  sodium  flame  at  a  distance  of  about  one  metre  is  focussed 
by  a  lens  so  as  to  form  an  image  edgeways  on  the  surface 
between  the  liquid  and  the  glass  of  the  prism  ;  the  beam  is 
refracted  downwards  into  the  prism,  making  an  angle  with 
the  normal  to  the  prism  face  which  cannot  be  greater  than 
r,  the  critical  angle  for  grazing  incidence,  r  is  given  by  the 
condition  that 

/Xj  sin  90°  =  /Xg  sin  r  ; 

whence  sinr  =  —  >  where  Mi  =  refractive  index  of  the  liquid, 

/X.,  =  refractive  index  of  the  glass.    Thus  the  limiting  ray 
makes  an  angle  of  incidence  on  the  vertical  face  i=  90°— r, 
and  emerges  into  the  air  making  the  angle  e,  given  by 
jUj  sin  (90°— r)  =  sin  e. 

Hence 

The  angle  e  is  observed  by  means  of  a  telescope  moving 
round  a  graduated  vertical  circle  ;  if  the  telescope  be  turned 
so  as  to  make  the  required  angle  with  the  horizontal,  the 
lower  half  of  its  field  of  view  will  come  within  the  refracted 
beam,  while  the  upper  half  is  dark ;  the  cross  wires  of  the 
telescope  are  set  on  the  boundary  between  the  two.  The 
setting  may  be  accomplished  with  an  accuracy  of  about  half 
a  minute  of  arc,  corresponding  to  about  0-00005  in  the 
refractive  index.  The  instrument  is  adapted  also  for  use 
with  'hydrogen  light,'  i.e.  the  glow  from  a  vacuum  tube 
containing  hydrogen,  and  which  consists  of  three  rays,  in 
the  red,  blue,  and  violet  respectively,  and  it  may  be  used 
with  a  heating  jacket  round  the  prism  for  measurements  at 
temperatures  above  the  atmospheric. 

The  results  of  measurements  of  refractive  index  may  be 
more  conveniently  expressed  by  a  function  of  the  refractive 
index  and  the  density  than  by  the  index  alone.  The 
refractive  index,  in  fact,  for  a  given  substance  depends 
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on  the  pressure,  temperature,  and  state  of  aggregation  ; 
being  greater,  the  more  dense  the  substance.  The  con- 
nexion is  most  clearly  seen  in  the  case  of  gases,  which 
require  special  methods  of  measurement,  for  there  the 
indices  are  only  slightly  greater  than  unity ;  the  excess 
/;/.— 1,  reckoned  from  vacuum,  may  be  regarded  as  due  to 
the  gaseous  matter  present,  and  it  is  found,  in  fact,  that 
when  the  concentration  (density)  of  the  gaseous  matter  is 
altered  by  pressure  or  temperature,  the  difference  of  refrac- 
tive index  from  vacuum  is  altered  in  the  same  ratio;  i.e. 
if  d  be  the  density,  or  v  the  specific  volume, 

[}x—\)v=.  ^—j—  =  constant  for  any  one  gas. 

This  quantity,  known  as  the  specific  refracting  power, 
has  been  used  in  the  case  of  liquids  by  Gladstone  and 
Dale,  and  by  Landolt,  to  express  the  relations  of  refraction 
to  chemical  composition.  It  is,  in  fact,  nearly  independent 
of  changes  in  density  of  liquids  brought  about  by  tempera- 
ture, but  it  does  not  so  satisfactorily  express  the  effect  of 
a  change  from  the  liquid  to  the  gaseous  state.  Thus,  for 
water  (using  sodium  light),  it  is  found  that 

Liquid  at     o°  0-3338 

10°  0-3338 

100°  0-3323 

Steam  0-3101 

Another  formula,  proposed  independently  by  Lorentz  of 
Leyden  and  by  Lorenz  of  Copenhagen,  is 

For  gases,  this  quantity  is  almost  exactly  proportional  to 
the  other,  but  for  substances  whose  refractive  index  is 
appreciably  different  from  unity  it  gives  difi'erent  results. 
It  is  found  to  possess  a  value  more  nearly  independent 
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of  temperature  and  state  of  aggregation  than  the  other  ; 

thus  for  water,       t-     j  i.     o  <r 
'         Liquid  at     o°  o-2o6r 

lo''  o-2o6i 

ioo°  o-2o6i 

Steam  0.2068 

It  is,  therefore,  well  adapted  to  show  the  influence  of 
chemical  composition  on  refraction.  If  the  value  of  the 
specific  refi-acting  power  as  expressed  by  either  of  these 
two  formulae  be  multiplied  by  the  molecular  weight,  the 
result  may  be  called  the  molecular  refracting  power ;  and 
it  is  found  possible  to  express  it  as  the  sum  of  atomic 
refi'actions  with  about  the  same  degree  of  accuracy  as  in 
the  corresponding  case  of  molecular  volumes. 

The  refractive  index  of  all  substances  varies  according 
to  the  wave-length  of  the  light  used,  being,  with  the 
exception  of  a  few  anomalous  cases,  greater  for  short  wave- 
lengths (blue  end  of  the  spectrum)  than  for  long  (red  end). 
Definite  points  in  the  spectrum  are  distinguished  by  the 
presence  of  bright  or  dark  lines  due  to  the  action  of  certain 
elements,  bright  when  the  emission  spectrum  of  a  gas  is 
obsei'ved,  dark  against  a  bright  background  in  the  spectrum 
of  the  sun.  The  most  prominent  of  these  lines  have  received 
the  letters  of  the  alphabet  as  names,  those  most  employed 
in  measurements  of  refractive  index  being — 

Wave  length 
(in  air). 

C  (hydrogen  :  rfed)         6.563  x  10—'  cm. 
Di  (sodium  :  yellow)  5-896 
D2  (sodium  :  yellow)  5-890 
F  (hydrogen  :  blue)  4-8615 

The  two  D  rays  are  very  close  together,  so  that  in  a  spectro- 
scope of  small  dispersion  they  appear  as  one,  and  are  often 
treated  as  such. 

A  large  mass  of  observations  has  been  accumulated  by 
BrUhl,  Conrady,  Kannonikoff,  and  others,  from  which 
certain  values  for  the  atomic  refractions  of  the  elements 
have  been  derived,  expressing  most  nearly  the  experimental 
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results.  The  influence  of  constitution  is  not  to  be  neglected, 
however  ;  if  a  fixed  value  be  given  to  the  effect  of  each  atom, 
only  a  rough  approximation  is  obtained.  To  get  the  theory 
into  closer  accord  with  facts,  terms  must  be  introduced  into 
the  molecular  refraction  depending  on  the  mutual  connexion 
of  the  atoms.  Conversely,  when  this  has  been  done,  the 
rules  arrived  at  throw  light  on  the  constitution  of  any  new 
compound  whose  refractive  index  is  measured,  and  may 
therefore  become  a  valuable  aid  in  studying  the  constitution 
of  carbon  and  nitrogen  compounds.  Bruhl,  especially,  has 
made  considerable  advances  in  this  direction,  but  his  work 
is  too  long  to  reproduce  here  \ 

The  principal  atomic  refractions,  calculated  from  the 
formula  of  Lorenz  and  Lorentz,  are  given  in  the  following 
table : — 


C. 

D. 

F. 

F~C. 

Carbon   

2-365 

2-501 

2-404 

0-039 

Hydrogen  

1-103 

1-051 

1-139 

0-036 

Chlorine  

6-014 

5-998 

6-190 

0-176 

Bromine  

8-863 

8-927 

9-211 

0.348 

Iodine  

13-808 

14-120 

14  582 

0  744 

Oxygen  (hydroxyl)  .... 

1.506 

I-52I 

1-525 

0-019 

Oxygen  (ether)  

1-655 

1-683 

1-667 

0-012 

Oxygen  (carbonyl)  .... 

2-328 

2-287 

2414 

0-086 

Nitrogen  (attached  to  C  only) 

2-76 

2-95 

0-19 

Additional  for  double  C  bond 

1-836 

1.707 

2.056 

0-23 

Additional  for  triple  C  bond  . 

2-22 

2-41 

0-19 

at  20°  C. 


The  values  for  the  Z>  ray  are  from  Conrady's  measure- 
ments, and  do  not  agree  very  well  with  the  others,  which 
are  due  to  Briihl. 

These  numbers  may  be  used  in  the  same  way  as  the 
atomic  volumes.    Thus,  e.g.,  benzene  has  at  2(f  the  density 
0-8799  and  refractive  index  1-4967  for  the  G  ray  ;  hence,  the 
molecular  weight  being  78-05,  the  molecular  refraction  is 
1-4967^-1  78-05 


1-4967^+2  0-8799 


=  25-94. 


'  J.  W.  Briihl,  Oslw.  16.  193,  226,  497,  512  (1895) 
577  ;  26.  47  (1898). 


22.373(1897);  25. 
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The  value  calcuLated  from  Bruhl's  numbers  is 

6  carbon  atoms  at  2-365  -  i4-i9o 
6  hydrogen  atoms  at  1-103  =  6  618 
3  double  bonds  at     1-836  =  5-5°^ 

26-32 

the  error  amounting  to  a  little  over  one  per  cent. 

In  mixtures  the  specific  refraction  may  be  calculated  from 
those  of  the  components,  in  proportion  to  the  masses  present. 
Thus,  if  a  mixture  be  made  up  of  grams  of  a  substance  A 
and  grams  of  B.  its  refractive  index  is  given  by  th ) 
equation 

(M, -  l)v,+  (m, - 1 )     -     - 1  ^  V, 

where  jx^,  ix^  are  the  refractive  indices  of  the  components, 
,  V2  their  specific  volumes,  and  v  the  specific  volume  of  the 
mixture  ;  or  else  by 

m,      u:\  —  1  n/,,       iJi\  —  1  —  1 

mj  4-  TJij  M\  +  2  ^      m^  +  +  2         /x'^  +  2  ' 

The  latter  appears  to  be  slightly  the  more  exact  of  the  two. 
The  rule  is  of  importance  because  it  may  be  appHed  to  find 
the  specific  refraction  of  one  component  when  the  other  is 
known ;  thus,  if  a  soHd  be  dissolved  in  a  Hquid,  its  specific 
refraction  may  be  calculated  from  the  density  and  refractive 
index  of  the  solution,  together  with  the  corref^ponding  con- 
stants for  the  solvent  alone. 

The  change  of  refractive  index  with  change  of  wave 
length  in  the  light  used  is  called  dispersion.  It  may,  e.  g., 
be  measured  by  the  difference  between  the  refractive  indices 
of  the  same  substance  for  the  C  and  F  rays  :  and  may  be 
referred  to  atomic  dispersion  in  a  manner  similar  to  the 
refraction.  The  dilferences  between  the  atomic  refractions 
for  the  C  and  F  rays,  constituting  the  atomic  dispersion 
over  that  range,  are  given  in  the  last  column  of  the  pre- 
ceding table. 
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The  dispersion  of  ordinary  media  may  be  fairly  repre- 
sented by  an  equation  of  the  form  (due  to  Cauchy) 

where  A  is  the  wave  length  of  the  light.  If  the  wave 
length  be  very  great  the  later  terms  of  the  expression 
become  zero,  and  the  refractive  index  is  =  J..  The  refractive 
index  for  long  wave  length  is  closely  connected  with  another 
quantity — the  dielectric  constant. 

§  7.    Dielectric  Constant. 

When  a  battery  is  connected  to  an  electric  circuit  but 
the  circuit  is  not  'closed,'  i.e.  a  gap  of  non-conducting 
material  is  left  in  it,  a  certain  quantity  of  electricity  flows 
from  the  battery  and  accumulates  on  the  two  insulated  ends 
of  the  circuit,  vintil  their  electric  potentials  become  the  same 
as  those  of  the  poles  of  the  battery  with  which  they  ai-e 
connected.  The  quantity  flowing  is,  in  an  ordinary  circuit, 
almost  immeasurably  small,  but  if  the  metallic  surfaces 
opposed  to  one  another,  and  constituting  the  ends  of  the 
circuit,  are  enlarged,  the  quantity  may  be  greatly  increased. 
The  arrangement  of  metallic  surfaces  is  then  called  a  con- 
denser :  thus  a  condenser  may  conveniently  be  made  of  two 
parallel  brass  plates,  separated  by  a  thin  layer  of  aii',  or  of 
two  sheets  of  tinfoil  separated  by  a  sheet  of  glass  or  of 
paraffined  paper.  The  action  of  such  a  condenser  may  most 
conveniently  be  expressed  by  means  of  its  capacity,  which 
is  defined  as  the  ratio  of  the  quantity  of  electricity  flowing 
on  to  the  plates  to  the  electromotive  force  of  the  battery 
which  causes  it  to  flow.  The  unit  of  capacity  corresponding 
to  the  practical  units  6i  quantity  and  e.  m.  f.  is  called  the 
farad ;  hence 

.,    .    -     ,       quantity  in  coulombs 

capacity  m  larads  =   ;  ^.t  

^  e.  m.  f.  in  volts. 
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The  farad  is,  however,  an  enormously  large  capacity:  so 
that  the  millionth  part  of  it,  called  one  microfarad,  is  used  in 
practice. 

It  is  found  that  the  capacity  of  a  condenser  depends  on 
the  nature  of  the  insulating  substance,  or  dielectric  between 
its  plates:  the  capacity  of  an  air  condenser  is  increased 
when  the  air  is  replaced  by  another  dielectric,  in  a  fixed 
ratio  ;  the  ratio  to  air  (or  more  stx'ictly  to  a  vacuum)  is 
called  the  dielectric  constant  of  the  medium.  Now  according 
to  the  view  that  hght  is  an  electro-magnetic  disturbance, 
it  may  be  shown  (following  Maxwell)  that 

IX-  =  A, 

where  K  is  the  dielectric  constant ;  only  as  K  is  always 
measured  by  means  of  stationary  charges  or  by  oscillations 
which  are  very  slow  compared  with  those  of  light,  and 
consequently  of  very  much  greater  wave  length,  in  order  to 
test  the  theory  K  must  be  compared  with  the  refractive 
index  for  indefinitely  long  wave  length,  or 

This  relation  appears  to  be  strictly  true  for  gases — which 
are  absolute  non-conductors.  E.g.  Boltzmann  found  for  air 
at  0°  and  atmospheric  pressure  (referred  to  vacuum), 

K  =  1-000590, 

whHe  ^2  ^  1.000576  (Benoit) 

It  is  nearly  true  for  a  certain  number  of  hquids  ;  thus 
toluene  at  20""  gives 

I{  =  2-227, 
^2=:  2-176, 

but  it  is  not  even  approximately  true  for  liquids  that  are  not 
very  good  insulators.  Water,  and  even  alcohol,  belong  to 
this  class,  for  though  pure  water  is  very  much  less  conducting 
than  solutions  of  salts  and  acids,  it  is  millions  of  times  more 
so  than  the  hydrocarbons.    Accordingly,  while  {j?  is  less 
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than  2  for  both  water  and  alcohol,  the  dielectric  constants  of 
those  liquids  are, 

Alcohol  (at  14°)  25.8 
Water  ; about)  8o- 

The  expression  for  the  specific  refraction  given  by  Lorenz 
and  Lorentz  is,  however,  based  upon  the  above  consequence 
of  the  electro-magnetic  theory  of  light.  It  was  shown  by 
Clausius  that  if  a  dielectric  be  regarded  as  composed  of  a 
number  of  conducting  spherical  atoms  immersed  in  a  non- 
conducting medium  (the  ether),  then  the  increase  of  capacity 
of  a  condenser  due  to  the  dielectric  could  be  accounted  for, 
and  the  dielectric  constant  calculated  in  terms  of  the  space 
actually  occupied  by  the  atoms.  Calling  the  latter  quantity 
u  (fraction  of  the  whole  volume), 

_  1  +  2u 

whence  w  =       „ . 

and  if  K  —  /x^, 

consequently  the  volume  (per  gram)  actually  occupied  by 

the  atoms  is  obtained  by  multiplying  this  expression  by  the 

specific  volume  v,  „  , 

_  ju.-  —  1 

and  a  constant  is  thus  arrived  at  necessarily  independent  of 
pressure,  temperature,  or  state  of  aggregation. 

Apart,  however,  from  any  theory  as  to  its  connexion  with 
the  j)henomena  of  light,  the  dielectric  constant  is  coming  to 
possess  considerable  importance  for  chemistry.  It  is  observed 
that  the  substances  possessing  the  highest  dielectric  con- 
stants are  those  which  when  used  as  solvents  are  the  most 
effective  in  promoting  reaction  between  substances  dissolved 
in  them,  and  especially  in  causing  electrolytic  dissociation, 
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and  the  acid  and  alkaline  reactivity  accompanying  dissocia- 
tion. Thus  water,  methyl  alcohol,  formic  acid,  and  liquid 
ammonia  possess  the  highest  known  dielectric  constants, 
and  they  all  produce  marked  electrolytic  dissociation. 

The  method  now  usually  adopted  to  measure  the  dielectric 
constant  of  a  liquid  is  modified  from  the  Wheatstone  bridge 
method  for  resistances  ^ ;  the  arrangement  of  apparatus  is 
shown  in  Fig.  19.  The  'quadrilateral'  of  the  bridge  is 
formed  of  two  resistances,  r,,  e,,,  each  of  about  40,000  ohms, 
and  two  condensers,  Cj,  c.^.  The  latter  are  of  adjustable 
capacity,  being  made  of  a  pair  of  metal  plates  with  a  sliding 


Fig.  19. 


glass  j)late  between  ;  when  the  glass  plate  is  pushed  in  to 
replace  the  air  between  the  metal  surfaces  the  capacity  is 
increased,  and  by  a  known  quantity  proportional  to  the 
movement  of  the  plate  :  the  latter  is  regvilated  by  a  micro- 
meter screw,  so  that  the  change  in  capacity  of  either 
condenser  is  readily  calculated.  An  induction  coil,  i,  similar 
to  that  used  in  measurements  of  electrolytic  resistance, 
supplies  current  to  the  system,  and  a  telephone,  t,  is 
placed  between  the  junctions  of  the  condensers  to  their 
respective  resistances.  When  the  ratio  of  the  capacities  is 
inversely  as  that  of  the  resistances  (c,  :  c,^  =  R2 :  R^),  the  con- 
jugate condition  is  attained,  i.  e.  no  current  will  occur  in  the 


*  Nernst,  Ostic.  14.  622-63  (1894). 


io6 


PHYSICAL  CHEMISTRY 


telephone  circuit.  In  practice  the  resistances,  r,,  vl^,  are 
made  equal,  and  therefore  the  minimum  sound  in  the 
telephone  indicates  that  =  c,.  c  is  a  trough  provided 
with  electrodes  ;  it  is  filled  with  the  liquid  to  be  measured, 
and  constitutes  a  liquid  condenser ;  by  means  of  the  key  k 
it  is  placed  in  parallel,  first  with  Cj  and  then  with 
Suppose  c,  C2  adjusted  to  equality  and  c  then  placed  in 
parallel  with  Cj,  the  capacity  of  that  branch  is  increased, 
and  the  micrometer  of  Cjj  must  be  turned  till  equilibrium 
is  restored  ;  the  distance  through  which  the  micrometer  is 
turned  then  measures  the  capacity  that  has  been  added  to  c, 
i.  e.  the  capacity  of  the  hquid  condenser.  The  minimum  in 
the  telephone  is,  however,  usually  somewhat  indefinite, 
owing  to  slight  conduction  through  the  liquid.  To  remedy 
this  two  very  high  adjustable  liquid  resistances,  Sg,  s^, 
are  put  in  parallel  with  the  condensers  and  adjusted  so 
that  the  total  conductivity  is  the  same  on  both  sides  of 
the  quadrilateral ;  the  indication  of  the  telephone  then 
becomes  clear. 

§  8.  Viscosity. 

The  coefficient  of  viscosity  and  the  surface-tension  of 
liquids  have  also  been  measured,  with  a  view  to  determining 
the  influence  of  the  atoms  and  of  their  arrangement  on  the 
physical  properties  of  the  molecule,  especially  in  organic 
compounds.  To  measure  the  viscosity  the  method  invariably 
adopted  is  to  observe  the  rate  of  flow  of  the  liquid  through 
a  capillary  tube. 

It  may  be  shown  that  if  a  liquid  be  forced  through 
a  capillary  tube  by  means  of  a  constant  pressure,  the  co- 
efficient of  viscosity  7j  (as  defined  in  the  introduction)  is 
determined  by  ,  , 


where  77=31416,  r=  radius  of  the  tube,  Z  =  length  of 
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tube,  t  is  the  time  taken  for  the  volume  v  to  flow,  and  p  the 
pressure  applied.  If  in  this  equation  the  length  and  radius 
ai-e  expressed  in  cm.,  the  volume  in  c.c,  the  time  in  sec, 
and  the  pressure  in  dynes  per  sq.  cm.,  the  coefficient  will 
be  obtained  in  C.  G.  S.  measure.  Practically  the  pressure 
is  applied  by  means  of  a  'head'  of  the  liquid  itself,  or 
of  water  or  mercury ;  the  head  of  liquid  must  then  be  multi- 
plied by  its  density  and  by  the  acceleration  of  gravity  to 
give  the  pressure  in  the  required  unit. 

For  absolute  measurements  all  the  quantities  in  the  above 
equation  must  be  observed  ;  but  usually  the  viscosity  of 
some  well-known  liquid,  such  as  water,  may  be  taken  as 
a  standard,  and  that  of  any  other  liquid  determined  by 
observing  the  comparative  rates  of  flow  through  the  same 
capillaiy  tube.  If  the  pressure  in  a  pair  of  comparative 
observations  be  produced  by  the  liquids  themselves,  and  the 
head  be  the  same  in  the  two  cases,  the  comparison  may  be 
conveniently  made  by  observing  the  time  of  flow  of  the 
same  volume  of  each  liquid,  and  then  it  follows  from  the 
above  equation  that 

where  I)  stands  for  the  density,  and  the  suffixes  1,  2  refer  to 
the  first  and  second  liquids  respectively. 

A  very  convenient  apparatus  for  comparative  measure- 
ments has  been  described  by  Ostwald,  and  is  shown  in 
Fig.  20.  It  is  constructed  entirely  of  glass  tubing:  l)d  is 
the  capillary,  terminated  above  by  a  bulb  7c  of  three  or  four 
c.c.  capacity.  A  pair  of  marks  c  and  d  are  made  on  the 
capillary  itself,  and  the  neck  just  above  the  bulb  where 
the  tube  is  narrowest.  The  wide  end  e/is  bent  up  so  that 
the  whole  apparatus  may  be  arranged  in  a  water  bath, 
with  the  working  parts  well  immersed.  This  is  important, 
because  the  viscosity  changes  very  rapidly  with  the  tem- 
perature (often  two  per  cent,  per  degree) ,  so  that  unless  the 
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temperature  of  the  liquid  in  the  capillary  is  accurately  known, 
measurements  are  useless.  To  use  the  apparatus  a  fixed 
volume  of  liquid  is  introduced  at  /  by  means  of  a  pipette, 
and  a  being  attached  to  a  water  pump,  the  liquid  is  sucked 
up  till  it  rises  above  the  mark  c  ;  it  is  then  allowed  to  flow 
down  again,  and  the  times  at  which  the  level  falls  to  c  and 
to  d  observed.  If  the  same  volume  of  each  liquid  be  used, 
the  difference  of  level  between  the  two  tubes  (i.  e.  the  head 
of  liquid)  at  the  moment  of  passing  either  mark  is  neces- 
sarily the  same  in  the  two  cases,  and  although 
the  head  varies  a  little  during  the  course  of 
the  expei'iment,  the  preceding  equation  will 
hold  good.  Only  a  small  amount  of  liquid  is 
needed,  and  it  may  obviously  be  used  again 
and  again ;  it  is  necessary  to  use  some  care 
in  avoiding  dust  in  the  liquid,  as  that  would 
partly  choke  the  capillary,  and  so  lead  to 
error ;  but  the  precaution  is  the  less  difficult 
the  wider  the  capillary,  and  as  the  j^ressure 
used  in  Ostwald's  apparatus  is  small  the 
capillary  need  not  be  very  fine  :  a  diameter 
of  half  a  millimetre  usually  suffices  to  make 
the  time  of  flow  reasonably  long. 

When  it  is  desii-ed  to  measure  the  coefficient 
in  absolute  units,  it  is  necessary  to  determine 
the  length  and  diameter  of  the  capillary  tube 
used.  To  determine  the  diameter  is  not  easy,  since  it  is 
a  small  quantity,  and  as  it  occurs  in  the  equation,  raised  to 
the  fourth  power,  a  small  error  in  measuring  it  produces 
a  much  larger  error  in  the  result :  the  diameter  is  usuall)' 
found  from  the  weight  of  mercury  required  to  fill  the  tube  ; 
and  the  variation  of  diameter  must  be  found  by  calibrating, 
as  in  a  thermometer. 

Thorpe  and  Eodger^  have  measured  the  coefficient  of 
'  Phil.  Trans.,  1894,  or  more  briefly  P)-oc.  Roy.  Soc.  55.  148. 


Fig.  20. 


PHYSICAL  CONSTANTS 


viscosity  of  a  large  number  of  organic  liquids  over  a  range 
of  temperature  extending  from  the  boiling  point  of  each 
liquid  down  to  0°  C.  The  apparatus,  which  was  more 
elaborate  than  that  of  Ostwald,  and  admitted  of  determining 
7]  in  absolute  units,  was  nevertheless  constructed  entirely  of 
glass,  and  arranged  so  that  it  could  be  immersed  in  a  bath 
of  water  or  glycerine. 

Thorpe  adopts  Slotte's  formula  to  express  the  influence  of 
temperature,  viz.  : —  ^ 

in  which  &,  c,  n  are  constants,  and  t  the  temperature  centi- 
grade. In  the  case  of  most  L'quids  (not  water  or  alcohol) 
this  may  be  simplified  to 

c 

The  chief  conclusions  arrived  at  were  that  (1)  in  homolo- 
gous series  of  compounds  the  viscosity  increases  with  the 
molecular  weight ;  (2)  that  it  is  greater  for  normal  than  for 
the  corresponding  iso-compounds  ;  (3)  that  it  is  generally 
less  for  the  more  symmetrical  of  a  pair  of  metameric 
substances  than  for  the  other  ;  (4)  it  is  changed  by  a  definite 
amount  by  substitution,  e.  g.  of  a  halogen  for  hydrogen,  but 
not  by  the  same  amount  on  substitution  of  a  second  halogen 
atom.  The  lowest  members  of  each  series  are  abnormal 
in  their  behaviour ;  and  the  rules  given  do  not  apply  to  the 
liquids  regarded  as  '  associated '  (e.  g.  alcohols,  glycols, 
water) ;  these  associated  liquids  possess  unusually  large 
temperature  coefficients  of  viscosity.    The  authors  tabulate 

(1)  the  coefficient  of  viscosity  (r])  for  the  various  liquids  ; 

(2)  the  product  ?j  x  vi,  where  v  is  the  molecular  volume  :  this 
product  is  called  the  molecular  viscosity,  being  proportional 
to  the  force  required  to  drive  a  molecule  with  unit  velocity 
through  the  liquid  ;  (3)  the  product  t]  x  v,  called  the  molecular 
viscosity  work,  from  being  proportional  to  the  work  required 
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to  move  a  molecule  with  unit  velocity  through  a  distance 
equal  to  the  mean  distance  between  the  molecules  of  the 
liquid. 

These  three  quantities  may  be  fairly  expressed  as  sums 
of  terms  relating  to  the  component  atoms,  with  others 
referring  to  the  more  important  features  of  configuration  in 
the  molecule ;  but  the  comparison  must  be  made  at  the  proper 
temperatures.  The  boiling  point  of  each  liquid  (as  used  by 
Kopp)  will  serve  :  Thorpe  and  Eodger  give  the  following 
values  for  the  molecular  viscosity  (in  dynes  x  10*)  at  the 
boiling  point  under  atmospheric  pressure : — 


The  values  calculated  from  these  data  are  usually  within 
five  per  cent,  of  the  truth.  The  fact  that  boihng  points  are 
not  strictly  corresponding  temperatures  may  be  expected 
to  produce  a  greater  error  here  than  in  the  molecular 
volumes,  since  the  variation  with  temperature  is  greater ; 
but  an  attempt  to  use  'corresponding  temperatures,'  as 
defined  by  van  der  Waals,  did  not  lead  to  any  better  results, 
on  account  of  the  uncertainty  of  the  critical  data. 

A  third  method  of  comparison  was  to  choose  such  tem- 
peratures as  made  the  slope  of  the  viscosity  temperature 
curve  the  same  in  all  cases,  i.e.  the  temperature  variation 


of  the  viscosity  (^)  constant  for  all  the  liquids.  The 
viscosity  at  temperatures  so  chosen  may  be  expressed  by 


Hydi-ogen  .  .  . 
Carbon  .  .  .  . 
Hydroxyl  oxygen 
Ether  oxygen  .  . 
Carbonyl  oxygen 
Ether  sulphur 

Chlorine     .  . 

Bromine     .  .  . 

Bromine     .  .  . 

Iodine    .    .  .  . 

Iso-grouping  . 

Double  bond  .  . 

Ring  


520 
15 
"3 
610 


196  (_C-0-H) 
35  (-C-0-C-) 
248  (-C  =  0) 
i55(-C-S-C-) 

284 

420  (in  monobromides) 
479  (in  dibromides) 


80 
98 


PHYSICAL  CONSTANTS 


III 


means  of  atomic  constants  somewhat  better  than  the  same 
quantity  at  the  boiling  point.  Outstanding  discrepancies 
are  attributed  to  either  (1)  influence  of  the  constitution  of 
the  molecule  other  than  in  the  half-dozen  important  cases 
tabulated  above  ;  or  (2)  molecular  aggregation. 

§  9.    Surface  Tension  :  Molecular  Aggregation 

of  Liquids. 

The  most  definite  evidence  of  molecular  aggregation  is, 
however,  that  afforded  by  measurements  of  surface  tension. 
An  extensive  research  on  this  point  has  been  made  by 
Eamsay  and  Shields',  containing  measurements  of  the 
surface  tension  of  certain  liquids  from  atmospheric  tempera- 
ture up  to  their  critical  points,  and  deductions  which  allow 
of  calculating  the  actual  molecular  weight  of  the  liquids.  We 
will  begin  by  describing  the  simpler  of  two  forms  of  apparatus 
used  by  the  authors,  and  which  will  serve  as  a  good  example 
of  the  well-known  capillary-tube  method  of  measuring 
surface  tension,  a  (Fig.  21)  is  a  glass  tube  of  about  1  cm. 
diameter  to  contain  the  liquid :  inside  it  is  placed  the 
capillary,  g,  sealed  on  to  a  wider  tube,  d,  which  serves  to 
keep  the  capillary  upright  and  in  the  centre  of  a,  while 
allowing  it  to  move  freely  up  and  down.  At  f  a  small  hole 
.is  blown,  which  puts  the  hquid  inside  the  capillary  into 
communication  with  that  outside  :  and  inside  d  is  a  spiral 
of  iron  wire,  h  h  is  a  magnet  which  by  its  attraction  on 
the  iron  wire  serves  to  draw  the  capillary  down  to  any 
desired  point ;  by  its  means  the  level  of  liquid  in  the  capil- 
lary is  adjusted  to  one  or  two  mm.  from  the  top  of  g.  The 
adjustment  is  important,  because  the  theory  of  the  capillary- 
tube  method  assumes  that  the  radius  of  the  tube  is  measured 
at  the  point  to  which  the  liquid  rises:  the  diameter  can 
conveniently  be  measured  at  the  end  with  a  microscope, 

1  Phil.  Trans.  184.  647. 
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and  if  the  liquid  meniscus  be  always 
brought  very  close  to  the  end,  the 
radius  so  measured  may  be  taken 
as  correct,  independently  of  any 
slight  variation  in  bore  of  the  tube. 
0-2  to  0-3  mm.  is  a  convenient  bore 
for  most  liquids.  The  liquid  is 
placed  in  the  tube  a,  well  boiled  to 
drive  out  air,  and  the  end  i  sealed. 
The  apparatus  is  then  fitted  into 
a  small  water  or  vapour  jacket  c  to 
ensure  a  known  temperature,  and 
the  difference  of  level  between  the 
inner  and  outer  menisci  measured 
with  a  travelling  microscope.  A 
small  correction  must  be  made  for 
the  fact  that  the  cross  section  of 
A  is  not  very  gi'eat,  and  conse- 
quently the  liquid  stands  a  little 
higher  in  it  than  it  would  in  a 
vessel  of  indefinitely  great  area. 
The  surface  tension  is  given  by 

where  D  is  the  density  of  the  liquid, 
and  d  (in  this  case)  the  density  of 
the  saturated  vapour ;  the  latter 
becomes  considerable  as  the  critical 
point  is  neared,  but  at  low  tempera- 
tures may  be  neglected. 

The  apparatus  above  described 
was  only  used  at  moderate  tem- 
peratures, a  more  elaborate  form 
serving  for  the  experiments  above 
1 00°.  But  an  even  smipler  arrange- 
ment serves  when  the  surface  tension 
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is  measured  between  the  liquid  and  air,  as  is  commonly  the 
case :  the  tubes  may  then  be  left  open. 

The  laws  which  the  surface  tension  of  liquids  follows  are 
best  expressed  by  the  quantity  known  as  the  molecular 
surface  energy.  The  surface  energy  per  square  cm.  is 
numerically  equal  to  the  surface  tension  per  linear  cm., 
and  is  therefore  expressed  by  t  ;  but  if  it  be  referred  to  an 
area  containing  a  constant  number  of  molecules  more 
intelligible  results  are  obtained.  If  V  be  the  molecular 
volume  of  the  liquid  (c.c.  per  gm.  mol.)  the  cube  root 
of  F=  7*  w^m  be  proportional  to  the  average  distance 
between  the  molecules  in  the  Hquid,  and  hence  the  square 
of  that  quantity  ( F*)  will  express  an  firea  on  which  a  constant 
number  of  molecules  is  distributed.  The  product  tF^  is 
therefore  the  surface  energy  calculated  for  a  fixed  number 
of  molecules,  or,  briefly,  the  molecular  surface  energy. 
Eamsay  and  Shields  find  that  the  molecular  surface  energy 
is  a  linear  function  of  the  temperature  over  a  very  wide 
range.  At  the  critical  temperature  {tcj  liquid  and  vapour 
become  identical,  so  that  the  surface  between  them  dis- 
appears, and  the  surface  tension,  of  course,  becomes  zero. 
Accordingly  the  expression 

is  nearly  true,  the  surface  energy  at  any  temperature  {t) 
being  proportional  to  the  number  of  degrees  that  temperature 
lies  below  the  critical  point.  More  precisely  it  is  found 
that  the  temperature  should  be  reckoned  from  about  six 
degrees  below  the  critical  point,  and  that  in  the  neigh- 
bourhood of  the  critical  point  itself  the  relation  is  more 
complicated,  but  to  determine  the  constant  K  for  any  liquid 
it  is  only  necessary  to  measure  the  molecular  surface  energy 
at  two  temperatures  and  divide  the  diJfference  by  the  interval 
of  temperature,  ^ 

or  K=l{rVi)]. 
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It  is  found  that  K  has  approximately  the  same  value  for 
all  liquids  which  show  no  signs  of  molecular  aggregation. 
The  value  is  about  2-12,  but  it  fluctuates  about  five  per  cent, 
on  both  sides  of  that  average.  The  agreement  is,  however, 
sufficiently  good  to  show  that  there  is  a  definite  physical 
meaning  attributable  to  the  constant ;  the  meaning  becomes 
clearest  when  the  equation  is  compared  with  the  character- 
istic equation  of  a  gas,  viz.  pv  =  RT.  K  plays  in  the  former 
equation  a  part  ana/logous  to  that  of  JR  in  the  latter,  as 
becomes  apparent  in  the  parallel  statements  : 

'In  all  normal  gases,  at  temperatures  equally  removed 
from  the  absolute  zero,  the  product  of  the  pressure  into  the 
molecular  volume  is  the  same.' 

*  In  all  normal  liquids,  at  temperatures  equally  removed 
from  their  critical  points,  the  product  of  the  surface  tension 
into  the  "  molecular  area  "  is  the  same.' 

The  latter  statement  is,  however,  considerably  less  exact 
than  the  former. 

If,  however,  the  molecular  weight  of  a  substance  in  the 
liquid  state  be  greater  than  that  expressed  by  its  usual 
formula  (based  on  observations  of  the  vapour),  then  the 
molecular  volume  will  be  greater  in  the  same  proportion  ; 
if  the  rule  with  regard  to  molecule  surface  energy  still 
remains  true,  it  is  clear  that  the  value  of  K  in  the  above 
equation  ( V  being  calculated  from  the  usual  chemical  formula) 
will  be  too  small.  As  a  matter  of  fact,  Eamsay  and  Shields 
found  the  following  values  for  certain  abnormal  liquids 
over  the  range  16°  to  46°: — 


K. 

X. 

Methyl  alcohol 

0-933 

3-43 

Ethyl  alcohol 

1.083 

2-74 

Propyl  alcohol 

1.234 

2.25 

Glycol  alcohol 

t.036 

2-92 

Formic  acid 

0-902 

3-6i 

Acetic  acid 

0-900 

3.62 

Propionic  acid 

1-446 

1.77 

These  are  all  liquids  which  from  their  other  physical 
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properties  give  indications  of  the  existence  of  complex 
molecular  aggregates  ;  if  then  we  assume  that  K  has  always 
the  value  2-12,  and  modify  the  preceding  equation  by  writing 
xY  iov  the  molecular  volume  instead  of  Y,  the  experiments 
will  allow  of  calculating  x.    We  have  approximately 

T{xVf  =  (tc-t)  x2-l2 

[more  correctly  the  differential  equation 

^^{t{xY)-}  =  2.12]. 

X  will  then  express  how  many  times  the  molecular  weight 
(or  volume),  as  calculated  from  the  usual  chemical  formula, 
must  be  increased  to  give  the  true  molecular  weight  (or 
volume) ;  it  may  be  called  the  factor  of  association.  The 
values  of  x  given  in  the  above  table  are  calculated  in  that 
manner :  rise  of  temperature  regularly  produces  a  decrease 
in  the  value  of  x,  indicating  that  the  molecular  aggregates 
tend  to  break  up  on  heating.  This  is  shown  by  the  values 
for  water : — 


„          ,  Factor  of 

Temperature.  association. 

5°  381 

25°  3  44 

45°  3- 13 

65°  2.96 


^         ,  Factor  of 

Temperature.  ^,,,^ation. 

85"  2.79 

105^  2.61 

125°  2.47 


Accordingly  the  average  weight  of  a  molecular  group 
in  water  at  5°  appears  to  be  3-81x18;  it  is  obvious  from 
this  that  the  groups  must  be  of  varying  size,  consisting  of 
either  four,  three,  two,  or  one  H2O  :  rise  of  temperature 
causes  a  gradual  dissociation  of  the  larger  groups,  so  that 
at  no  temperature  are  all  the  molecules  in  the  liquid  uniform 
so  long  as  molecular  aggregation  exists  at  all. 
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§  10.    Constitutive  Properties:  Botation  of  Polarized 

Light. 

The  physical  properties  so  far  studied,  in  this  chapter, 
belong  to  the  class  known  as  additive,  i.  e.  the  measure  of  the 
properties  for  the  entire  molecule  may  be  regarded  as  made 
up  of  parts,  each  of  which  is  peculiar  to  one  atom.  Of  such 
properties  weight  is  the  typical  example,  and  indeed  the 
only  one  that  is  strictly  additive.  The  weight  of  a  molecule 
is  arrived  at  by  adding  together  the  weights  of  its  component 
parts  ;  the  forces  between  the  atoms  exercise  no  influence  on 
the  weight  to  be  attributed  to  each  atom.  In  other  cases, 
e.  g.  molecular  volume,  the  constitution  of  the  molecule 
exercises  a  more  or  less  marked  influence,  yet  the  general 
behaviour  is  additive :  the  atoms  possess  much  the  same 
properties  as  if  they  were  not  combined.  There  are, 
however,  other  physical  properties  which  bear  an  intimate 
relation  to  the  constitution,  so  that  a  comparatively  small 
change  in  the  arrangement  of  the  molecule  may  alter  them 
entirely.  The  best  instances  of  such  constitutive  properties 
are  (1)  rotation  of  polarized  light,  (2)  absorption  of  hght  with 
accompanying  production  of  colour. 

Ordinary  light  consists  of  vibrations  at  right  angles  to  the 
direction  in  which  the  light  is  travelling,  the  direction  of 
the  ray,  such  vibrations  being  called  transverse.  If  a  plane  be 
drawn  at  right  angles  to  the  ray,  the  luminous  vibration  may 
take  place  in  any  manner  in  that  plane,  and  in  general  the 
figure  described  by  a  point  in  the  plane  will  not  remain  the 
same  for  any  length  of  time.  By  certain  devices,  however, 
it  is  possible  to  obtain  Hght  which  retains  precisely  the  same 
characteristics  for  any  length  of  time,  and  wliich  therefore 
consists  of  vibrations  of  a  definite  and  permanent  figure. 
Such  light  is  called  polarized,  and  is  obtained  either  by 
reflection  or  refraction  at  certain  angles,  or  more  commonly 
by  transmission  through  a  crystal.    The  simplest  kind  of 
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polarized  light  is  that  in  which  the  figure  described  by 
a  vibrating  point  is  a  straight  line  merely — the  point  oscillates 
to  and  fro  along  a  short  straight  line  at  right  angles  to  the 
ray.  For  greater  intelligibility  let  us  assume  that  the  ray 
is  traveUing  vertically  upwards  (along  the  axis  of  a  polarizing 
microscope),  that  it  then  encounters  a  'polarizer'  (Nicol  prism, 
tourmaline  plate,  &c.).  After  passing  through  the  polarizer 
the  vibration  is  exclusively  in  one  direction,  say  east  and 
west,  because  the  polarizer  absorbs  any  component  vibration 
north  and  south  that  the  light  may  previously  have  possessed. 
Further  on  the  ray  meets  an  '  analyzer '  (another  Nicol  or 
tourmaline) ;  if  this  be  placed  in  the  same  way  as  the  polarizer, 
it  will  allow  the  east  and  west  vibrations  to  pass  through  it 
unchanged  ;  but  if  it  be  rotated  90°  it  will  now  only  allow 
north  and  south  vibrations  to  pass  through  it,  and  will 
consequently  absorb  all  the  Hght  that  has  passed  through 
the  polarizer,  and  the  field  of  view  of  the  microscope  will 
be  dark.  Light  of  the  kind  produced  by  a  Nicol  prism  or 
a  tourmaline  plate  is  called  plane  polarized,  and  the  plane 
of  polarization  is  that  containing  the  ray  and  a  certain  axis 
in  the  polarizer  (the  longer  diagonal  of  a  Nicol  prism). 
Whether  the  vibrations  constituting  light  are  in  this  plane 
or  at  right  angles  to  it,  is  immaterial ;  it  is  sufficient  for 
practical  purposes  that  the  plane  of  polarization  can  be 
identified  by  turning  the  analyzer  till  it  extinguishes  the 
light,  when  its  axis  is  at  right  angles  to  the  plane  required, 
and  the  analyzer  is  said  to  be  '  crossed  '  to  the  polarizer. 

If  now  certain  substances,  e.  g.  quartz,  be  put  between  the 
polarizer  and  analyzer,  the  illumination  of  the  field  of  view 
is  partly  restored,  but  on  turning  the  analyzer  through 
a  definite  angle  it  can  be  extinguished  again  ;  this  shows 
that  the  light  on  emerging  from  the  quartz  is  still  plane 
polarized,  but  the  plane  has  been  rotated.  The  measure  of 
the  rotation  is  easily  found  if  the  analyzer  be  mounted  in 
a  graduated  circle.    It  may  take  place  either  to  the  right 
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or  to  the  left,  being  counted  right-handed  when,  travelling 
along  the  ray  of  light  in  the  direction  in  which  it  is  going, 
the  rotation  is  clockwise  ;  or  in  the  previous  example,  if  the 
light  passing  vertically  upwards  is  originally  polarized  east 
and  west,  and  is  rotated  through  north-east  and  south-west 
towards  north  and  south.  The  angle  of  rotation  is  in  general 
dilferent  for  light  of  different  colours,  so  that  when  white 
light  is  viewed  through  a  polarizer,  a  rotating  medium,  and 
an  analyzer,  it  is  decomposed  into  colours,  a  phenomenon 
known  as  rotatory  dispersion.  Eotation  of  the  plane  of 
polarization  is  effected  by  numerous  crystals,  and  by  a  certain 
number  of  organic  substances  both  pure  and  in  solution, 
e.  g.  turpentine,  tartaric  acid,  sugar.  It  is  found  that  the 
angle  of  rotation  is  proportional  to  the  length  of  active 
substance  traversed  by  the  beam  of  light,  and  when  the 
concentration  is  variable  (as  in  solutions),  to  the  amount 
of  active  material  per  unit  volume.  Accordingly  the  specific 
rotation  [a]  may  be  defined  as  being,  for  fixed  temperature 
(20')  and  kind  of  light  (sodium  light  D  , 

r  120°  a 
L  -'-0  Ic 

where  a  =  observed  angle  of  rotation  (in  degrees), 
I  =  length  of  active  material  (in  decimeters), 
c  =  concentration  of  active  material  (gms.  per  c.c.\ 

In  case  of  a  pure  substance  c  becomes  identical  with  the 

density. 

All  transparent  substances,  when  placed  in  a  magnetic  field, 
are  found  to  rotate  polarized  Hght ;  and  this  phenomenon, 
studied  especially  by  W.  H.  Perkin,  has  been  reduced  to 
atomic  values,  in  the  same  way  as  the  molecular  volume 
or  the  refracting  power,  and  therefore  belongs  to  the  class 
of  additive  properties.  But  the  more  interesting  case  of 
rotation,  which  does  not  require  a  magnetic  field  to  produce 
it,  and  therefore  called  '  natural '  for  distinction,  occurs  only 
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in  a  small  .minority  of  (organic)  bodies,  and  ^s  purely  , 
constitutive.    It  is  regularly  associated  with  the  ^uzeasme  of 
an  asymmetrical  carbon  atom,  i.  e.  a  carbon  atom  connected  ' 
to  four  different  kinds  of  atom  or  atomic  group.  Thus 
malic  acid  has  the  formula 

H 

I 

HOOC  -  C  -  CH2  -  COOH 

I 

OH 

one  of  the  carbon  atoms  being  connected  to  the  four  diverse 
groups,  COOH,  H,  OH,  CH2  GOOH,  and  the  substance  is 
accordingly  optically  active.  But  the  most  striking  peculiarity 
is  that  if  a  body  is  optically  active  at  all,  there  are  always 
at  least  two  isomeric  forms  of  it,  which  rotate  the  plane 
of  polarization  to  right  and  to  left  respectively.  These 
forms  are  usually  identical  in  every  other  particular,  boiling 
point,  density,  &c.  Van 't  Hoff  has  given  the  theory  of 
optical  isomerism  by  considering  the  arrangement  of  the 
atoms  in  space.  If  a  carbon  atom  be  regarded  as  the 
centre  of  a  tetrahedron,  and  the  four  groups  attached  to  it 
be  arranged  at  the  corners  of  the  tetrahedron,  then  if  all 
four  groups  are  different,  two  arrangements  ai'e  possible, 
which  are  not  'congruent,'  i.  e.  one  cannot  be  transformed 
into  the  other  by  any  rotation  of  the  figure  ;  one  is,  in  fact, 
like  the  image  of  the  other  as  seen  in  a  mirror,  and  these 
two  arrangements  constitute  the  dextro-  and  laevo-rotatory 
isomers.  But  if  two  of  the  four  groups  become  identical 
then  the  dextro-  and  laevo-  arrangements  become  identical, 
for  by  simply  rotating  one  of  them  it  is  seen  to  coincide 
with  the  other.  This  point  cannot  be  satisfactorily  illustrated 
by  diagrams,  but  is  easily  demonstrated  by  a  simple  model, 
which  may  be  constructed  of  a  cork  with  four  pins,  bearing 
coloured  balls  of  wax  at  their  ends.  The  theory  is  fully 
confirmed  by  observation.    When  an  optically  active  sub- 
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stance  is  produced  in  nature  by  the  action  of  organisms 
(e.  g.  in  fermentation)  often  only  one  isomer  is  found,  but 
when  the  compound  is  produced  synthetically  the  two  are 
always  produced  together  and  in  equal  quantity.  The 
synthetic  product  (pure  or  in  solution)  is  therefore  a  mixture, 
in  which  the  two  components  neutralize  one  another  ;  and 
it  is  not  possible  to  separate  the  two  by  the  usual  methods 
(fractional  distillation,  fractional  crystallization,  &c.),  because 
the  physical  properties  of  the  isomers  are  the  same.  But 
if  the  compound  be  crystallized  the  crystals  will  often 
be  found  to  show  'hemihedry,'  i.e.  a  difference  in  shape, 
such  that  one  kind  is  like  the  reflected  image  of  the  other, 
clearly  the  effect  of  the  corresponding  difference  in  shape  of 
the  molecules  :  the  two  kinds  of  crystals  can  then  be  picked 
out  and  dissolved  separately.  The  two  solutions  thus  pre- 
pared will  be  found  to  show  right-  and  left-handed  rotation. 

When  a  compound  contains  two  similar  asymmetric  carbon 
atoms  in  the  molecule,  three  isomers  are  possible:  (,1)  the 
carbon  atoms  may  both  be  dextro-rotatory  ;  (2)  they  may  both 
be  laevo-rotatory  ;  (3)  one  may  be  dextro-  and  the  other 
laevo-rotatory.  The  latter  form  is  inactive,  but  unlike  the 
mixture  of  {!)  and  (2)  it  cannot  be  separated  into  active 
components,  for  the  compensation  takes  place  within  the 
molecule  itself.  There  are  therefore  four  different  forms  of 
the  substance.    Such  a  case  is  tartaric  acid, 

H  H 

HOOC-C  -C-COOH 

I  I 
OH  OH 

which  is  known  as  1,1)  the  dextro-,  (2)  the  laevo-rotatory  acid , 
(3)  the  neutral  (undecomposable)form ;  (4)  compound  crystals 
(racemic  acid)  analogous  to  a  double  salt  and  formed  by 
union  of  a  molecule  each  of  (1)  and  (2);  this  form  also  is 
neutral  to  polarized  light,  but  can  suffer  transition  into 
a  mixture  of  the  two  active  acids. 
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If  light  from  a  luminous  flame  or  an  electric  lamp  be 
examined  by  means  of  a  spectroscope,  a  spectrum  is  formed, 
which  is  a  continuous  band  of  colour  changing  gradually 
through  the  various  hues  from  red,  orange,  yellow,  green, 
and  blue,  to  violet.  If  now  a  coloured  transparent  substance 
be  placed  between  the  light  and  the  spectroscope— a  plate  of 
the  material  if  it  be  solid,  a  glass  cell  containing  it  if  it 
be  liquid  or  in  solution— then  a  part  of  the  original  spectrum 
is  found  to  be  absent :  the  absent  portion  may  be  a  con- 
siderable length  in  the  middle  or  at  one  of  the  ends,  or 
it  may  consist  of  dark  lands  of  more  or  less  well-defined 
position.  Gases  also  can  be  examined  in  this  way,  and  are 
found  to  show  dark  bands,  or,  frequently,  very  narrow  and 
sharply  defined  dark  spaces  called  lines.  In  any  case  the 
phenomenon  indicates  that  some  kinds  of  light  are  absorbed 
by  the  substance  in  question,  while  other  kinds  are  not. 
The  spectrum  really  extends  beyond  both  the  red  and 
violet,  only  the  human  eye  is  not  sensitive  to  radiation 
beyond  those  limits.  In  the  infra-red  it  may  be  studied 
by  means  of  a  thermopile  or  bolometer,  i.  e.  a  very  sensitive 
thermometric  arrangement  which  absorbs  the  radiation  and 
is  raised  in  temperature  in  consequence.  In  the  ultra-violet 
the  radiation  is  so  feeble  that  it  cannot  well  be  measured 
by  any  thermometer  yet  invented,  but  it  produces  an  effect 
on  a  photographic  plate  held  to  receive  it,  and  it  may  be 
made  visible  if  thrown  on  a  fluorescent  screen.  In  these 
ways  the  presence  of  characteristic  absorption  lines  and 
bands  has  been  shown  in  the  invisible  parts  of  the  spectrum, 
and  frequently  a  substance  which  is  colourless  and  trans- 
parent, i.  e.  does  not  absorb  any  of  the  visible  rays,  is  found 
to  give  bands  in  the  infra-red  or  the  ultra-violet.  The 
absorption  of  any  kind  of  light  is  found  to  follow  the  rule 

where  =  intensity  of  original  light,  I  =  intensity  after 
passing  through  a  layer  of  thickness  d,  and  y  is  a  constant, 
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called  the  coefficient  of  absorption,  i.  e.  of  the  original  light ; 
the  fraction  y  is  absorbed  by  passing  through  1  cm.  of  the 
substance  ;  of  that  which  penetrates  the  first  centimetre  the 
same  fraction  is  absorbed  by  the  next  centimetre,  and  so  on. 
We  may  say  then  that  the  absorption  of  light  by  any 
substance  is  characterized  by  a  coefficient  which  has  different 
values  for  the  different  kinds  of  light,  and  may  indeed, 
in  the  case  of  gases  with  a  line  spectra,  have  a  very  high 
value  for  a  certain  wave  length  and  be  zero  for  another 
wave  length  immediately  adjacent.  The  degree  of  absorption 
does  not  in  fact  vary  continuously,  as  a  rule,  but  occurs  in 
particular  parts  of  the  spectrum  corresponding  to  particular 
modes  of  vibration  of  the  molecules  of  the  absorbing  sub- 
stance. The  modes  of  vibration  are  highly  characteristic 
for  each  substance,  and  are  often  entirely  altered  by  a  small 
change  in  constitution.  Thus  N.^  is  a  very  shghtly  coloured 
gas,  but  it  dissociates  into  NO^,,  a  dark  brown  gas  shovnng 
a  great  number  of  absorption  lines  in  the  spectrum.  The 
effect  of  substitutions  has  been  studied  in  the  case  of  certain 
groups  of  organic  substances,  and  certain  empirical  rules 
obtained  as  to  the  displacement  of  the  absorption  bands. 
The  absorption  bands  of  dye-stuffs  dissolved  in  concentrated 
sulphuric  acid  show,  in  general,  a  displacement  towards  the 
red  on  introduction  of  the  hydroxyl,  methoxyl,  methyl, 
phenyl,  and  carboxyl  groups,  and  the  halogens ;  while 
substitution  of  the  nitro-  and  amido-groups,  as  well  as 
addition  of  hydrogen,  produces  a  displacement  towards  the 
violet ;  the  effect  being  more  marked  the  greater  the  mole- 
cular weight  of  the  substituting  radicle. 

Since  many  colourless  substances  possess  an  absorption 
band  in  the  ultra-violet,  it  is  possible,  by  introducing  a  radicle 
of  the  former  group,  to  bring  that  band  into  the  visible 
spectrum,  say  into  the  violet :  the  substance  then  possesses 
the  colour  which  is  obtained  by  combining  all  the  colours 
of  the  spectrum  with  the  exception  of  violet,  a  greenish 
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yellow.  By  means  of  heavier  substituting  radicles  the  band 
may  be  made  to  move  lower  down  the  spectrum,  and  so  the 
colour  of  the  substance  may  be  changed  according  to  a  definite 
sequence.  Schtitze '  has  worked  out  an  interesting  theory 
of  dye-stuffs  on  that  basis. 

The  physical  proi^erties  of  solids,  whether  amorphous 
or  crystalline,  have  not  yet  been  studied  to  the  extent  of 
yielding  results  of  sufficient  generality  or  importance  to  be 
quoted  in  a  book  like  the  present. 


'  Ostw.  9.  109. 


CHAPTER  III 


THE  PRINCIPLES  OF  THERMODYNAMICS 

[Note. — Throughout  this  chapter  log.  means  natural 
logarithm  (to  the  base  e) ;  common  logarithms  must  be 
multiplied  by  2-3026...  to  reduce  to  natural.  This  must  be 
remembered  in  working  out  the  examples  on  pp.  13G,  140.] 

§  1.    The  Laws  of  Thermodynamics. 

There  is  one  group  of  physical  properties,  purposely 
omitted  from  the  preceding  chapter,  of  which  the  treat- 
ment has  reached  a  much  more  advanced  and  scientifically 
intelligible  stage  than  any  other ;  the  relations  of  tempera- 
ture at  which  chemical  transformations  take  place,  and  the 
quantities  of  heat  involved  in  those  transformations,  can  be 
studied  under  the  guidance  of  definite  and  general  principles, 
such  as  are  still  wanting  in  regard  to  the  various  physical 
properties  so  far  considered.  Temperature  and  quantity  of 
heat  form  the  subject-matter  of  that  branch  of  phj'^sics 
known  as  thermodynamics,  or  the  theory  of  heat ;  and 
thermodynamics  is  a  deductive  science.  It  consists  in  the 
analytical  development  of  two  principles,  known  as  the  first 
and  second  laws  of  thermodynamics,  principles  which  have 
been  established  by  direct  observation,  and  which  there  is 
every  reason  to  beheve  are  universally  true.  Mathematical 
deductions  can  therefoi-e  be  made  from  them  with  perfect 
certainty  and  strictness  of  argument,  and  the  results  of 
experiment  may  be  generalized  by  means  of  the  deductions 
obtained.  Thermodynamics  is,  therefore,  a  subject  properlj' 
to  be  compared  with  dynamics  itself,  but  differs  from 
dynamics  in  that  the  dynamical  concepts,  mass  and  energ>\ 
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are  regarded  as  simple,  i.  e.  not  further  analyzable,  while  the 
thermodynamic  concepts,  quantity  of  heat  and  temperature, 
are  not  simple,  and  indeed  not  fully  understood.  For  of 
the  two,  quantity  of  heat  is  energy,  but  only  a  special  kind 
of  energy  which  is  more  readily  distinguished  from  other 
kinds  by  its  relations  to  the  human  senses  than  by  any 
specifically  dynamical  property ;  and  temperature,  so  far 
as  it  is  understood,  appears  to  be  a  somewhat  recondite 
dynamical  relation  (average  molecular  kinetic  energy)  of 
the  particular  systems  which  possess  the  kind  of  energy 
known  as  heat.  These  conceptions  may  be  dealt  with  in 
either  of  two  ways.  First  we  may  try  to  form  an  approximate 
idea  of  the  real  natiu'e  of  quantity  of  heat  and  temperature, 
and  then  apply  the  usual  dynamical  methods  to  those  ideas ; 
compare  the  deductions  arrived  at  with  experimental  results, 
and  so  by  successive  steps  correct  the  original  views  as  to 
the  structure  of  the  molecular  systems  considered.  That  is 
the  method  of  the  molecular  or  kinetic  theory ;  but,  while 
it  has  the  advantage  of  offering  a  closer  insight  into  the 
properties  studied,  it  is  necessarily  tentative,  and  it  has 
the  disadvantage  of  being  extremely  difficult  to  carry  out 
mathematically.  The  second  method  is  to  accept  the  con- 
ceptions of  quantity  of  heat  and  temperature  as  ultimate, 
and  to  accept  the  two  laws  with  regard  to  them  simply 
on  the  basis  of  observation,  and  to  deduce  what  is  possible 
from  that.  This  is  the  method  of  thermodynamics  ;  it  is 
certain,  so  far  as  it  goes,  and  it  is  mathematically  easy ; 
and  in  the  present  state  of  science  it  is  by  far  the  more 
fruitful  and  important.  Indeed,  as  applied  to  chemistry 
it  has  of  late  proved  so  fruitful  that  all  the  leading  results 
in  the  quantitative  study  of  chemical  reactions,  together 
with  such  phenomena  as  the  change  of  freezing  point  and 
of  vapour  pressure  in  solutions,  may  now  be  regarded  as 
firmly  established  on  a  thermodynamic  basis. 

An  initial  difficulty  of  the  subject  lies  in  the  variety  of 
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ways  in  which  the  body  of  theorems  may  be  presented. 
The  most  convenient  method  seems  to  be,  after  a  statement 
of  the  two  laws,  to  deduce  first  certain  results  of  the  first 
law  of  thermodynamics,  then  to  apply  these  to  the  properties 
of  a  certain  ideal  substance — a  perfect  gas — and  by  that 
means  obtain  a  quantitative  definition  of  temperature  ;  then 
by  the  use  of  the  second  law  the  notion  of  temperature 
may  be  generalized,  and  an  analytical  expression  given  to 
the  second  law  itself.  The  rest  then  follows  by  simple 
mathematical  methods.  This  treatment  of  the  subject  is 
essentially  that  of  Clausius,  and  the  present  chapter  is 
mainly  arranged  from  the  first  three  chapters  of  his 
treatise  \ 

The  laws  of  thermodynamics,  in  the  words  of  Maxwell, 
are : — 

(1)  'When  work  is  transformed  into  heat,  or  heat  into 
work,  the  quantity  of  work  is  mechanically  equivalent  to 
the  quantity  of  heat ' ; 

(2)  'It  is  impossible  for  a  self-acting  machine,  unaided 
by  any  external  agency,  to  convey  heat  from  one  body  to 
another  at  a  higher  temperature ' ; 

— the  latter  being  translated  from  Clausius'  statement.  The 
meaning  and  importance  of  these  laws  will  become  apparent 
in  the  sequel. 

§  2.  The  First  Law. 
The  first  law  of  thermodynamics  is  merely  a  particular 
case  of  the  law  of  the  conservation  of  energy.  The  doctrine 
that  the  various  forms  of  energy— visible  kinetic  energy, 
the  energy  of  gravitating  bodies,  of  elasticity,  of  electric 
currents,  of  chemical  affinity,  of  heat,  and  so  on— are  all 
essentially  forms  of  one  quantity,  and  that  that  quantity 
is  neither  increased  nor  decreased  when  one  kind  is  trans- 
formed into  another,  grew  up  in  the  middle  of  this  century, 
^  Clausius,  Mechanische  Warmetheorie  (ed.  a),  1876. 
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supported  chiefly  by  experiments  on  the  conversion  of 
mechanical  work  into  heat.  Joule,  and  others,  showed 
that  when  in  the  action  of  a  machine  mechanical  work 
is  spent  without  any  apparent  effect,  an  amount  of  heat  is 
produced  by  friction,  compression,  or  otherwise,  which 
is  numerically  proportional  to  the  amount  of  work  spent. 
Hence,  it  is  natural  to  express  the  observation  in  the  form 
given  above ;  the  ratio  of  the  work  spent  to  the  heat 
generated  is  called  the  dynamical  equivalent  of  heat ;  the 
value  of  it  is  given  in  the  introduction,  but  in  the  equations 
of  the  present  chapter  no  mention  will  be  made  of  it,  since 
any  quantity  of  heat  occurring  in  the  equations  may  be 
regarded  as  measured  in  ergs,  and  so  needs  no  reducing 
to  dynamical  measure.  In  making  numerical  applications 
of  the  theoretical  results,  it  is  sufficient  to  multiply  any 
quantity  of  heat  that  is  expressed  in  calories  by  the  appro- 
priate factor :  usually  42,000,000  is  a  sufificient  approximation. 
The  first  law  of  thermodynamics  is,  however,  worth  stating 
independently  of  the  more  general  law  of  the  conservation 
of  energy,  on  account  of  the  peculiar  position  of  heat  as 
a  mode  of  energy.  For  while  the  mutual  convertibility 
of  all  the  other  kinds  is  subject  to  no  general  restrictions, 
that  is  not  the  case  with  heat.  All  other  kinds  of  energy 
can  be  converted  completely  into  heat,  but  heat  cannot, 
under  any  (practically  attainable)  circumstances,  be  com- 
pletely converted  in  another  kind  of  energy.  Hence,  for 
the  purposes  of  thermodynamics,  heat  must  be  treated  as 
a  distinct  quantity. 

When  heat  is  imparted  to  a  body  it  may  be  used  up  in 
two  ways :  it  may  remain  in  the  body  itself,  increasing  the 
stock  of  energy  contained  (or  internal  energy),  or  it  may  be 
handed  on  to  some  other  body  in  the  form  of  mechanical 
work,  in  which  case  it  is  said  external  worlc  is  done,  because 
the  energy  is  then  passed  on  to  a  system  external  to  that 
whose  changes  are  being  considered.    For  example,  when 
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heat  is  imparted  by  the  furnace  of  an  engine  to  the  water 
contained  in  its  boiler,  part  of  the  heat  may  be  spent  in 
increasing  the  internal  energy  (in  the  form  of  heat)  of  the 
water,  thus  raising  its  temperature,  while — the  steam 
expanding  into  a  cylinder— the  remainder  is  spent  in 
doing  mechanical  work  by  means  of  the  piston  on  some 
machinery.  What  becomes  of  the  energy  afterwards  is 
immaterial ;  so  far  as  the  worldng  substance,  the  steam, 
is  concerned,  it  is  so  much  external  work  done.  We  are 
thus  able  to  apply  the  first  law  of  thermodynamics  to  the 
case  of  any  particular  body  ('working  substance')  and  state 
it  in  the  form : — 

'  Heat  supplied  =  increase  of  internal  energy  of  the 
working  substance  +  external  work  done,'  or  in.  symbols, 

Q=U.^-U,^\V,  (1) 

where  Q=heat  supplied  to  the  working  substance  (measured 
in  dynamical  units),  C/j  is  the  internal  energy  of  the  working 
substance  before  the  action  considered,  TJ^  the  same  after, 
and  W  the  work  done  on  other  bodies. 

[With  the  notation  of  the  calculus  it  may  be  put  in  the 
differential  form        dq  =  dU+dW]  (la) 

The  external  work  is  usually  done  by  effecting  some 
visible  motion ;  in  the  last  chapter  of  this  book  certain 
electrical  cases  will  be  considered,  but  with  that  exception 
the  external  work  will  always  be  work  done  against  a  fluid 
pressure.  Thus,  if  a  fluid  (the  steam  in  the  former  example) 
enclosed  by  a  piston  expand,  the  work  done  is  measured  by 
the  product  of  the  force  exerted  on  the  piston  into  the 
distance  the  latter  moves;  but  the  force  is  equal  to  the 
fluid  pressure  applied  multiphed  by  the  area  of  the  piston, 
and  the  area  multiplied  by  the  distance  through  which 
the  piston  moves  is  the  increase  of  volume  of  the  fluid. 
Hence  we  arrive  at  the  result  that : — 

'Work  done  by  a  fluid  in  expanding  against  a  pressure 
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equal  to  its  own  =  the  pressure  x  increase  of  volume  of  the 
fluid.' 

If  be  the  volume  of  the  fluid  before  the  expansion,  and 
v.,  after,  p  the  pressure,  then 

(The  pressure  may  not  remain  the  same  during  the  expan- 
sion, but  if  not  p  must  be  regarded  as  the  mean  pressure.) 
Hence  we  may  write  the  first  law  of  thermodynamics  for 
such  systems  as — 

Q=  fT^-U,+p{v,~v,),    ....  (2) 
[or  clQ  =  dU+pdv,  (2  a) 

for  an  infinitesimal  expansion,  and  if  p  varies  with  v  in  any 
known  manner  this  "may  be  integrated  accordingly.] 

The  internal  energy  of  such  a  system  consists  of  two 
parts :  (1)  the  heat  or  temperature  energy,  i.  e.  the  energy  of 
motion  of  its  molecules ;  (2)  the  volume  energy  or  potential 
energy  it  possesses  on  account  of  forces  between  the  mole- 
cules. The  amount  of  the  former  is  defined  by  the  tempera- 
ture of  the  fluid,  that  of  the  latter  by  its  volimie.  The 
volume  energy  (part  of  the  internal  energy  of  the  fluid 
itself)  must  be  carefully  distinguished  from  the  external 
work  done  in  change  of  volume,  p{v.^—v^.  We  shall  see 
immediately  that  a  perfect  gas  possesses  no  volume  energy, 
since  there  are  no  forces  between  its  molecules ;  but  this, 
of  course,  does  not  imply  that  it  is  incapable  of  doing  work 
on  expansion,  for  such  work  may  be  done  at  the  expense  of 
its  temperature  energy. 

[In  mathematical  language  the  distinction  is  expressed  by 
writing  the  total  variation  of  internal  energy  ' — 

oT  dv 

h  2 

'  The  symbol  means  the  partial  differential  coefficient  of  s  with 
respect  to  x  taken  on  the  assumption  that  y  is  constant. 
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§  3.    Application  to  a  Perfect  Gas, 

The  next  step  is  to  apply  this  law  to  the  ideal  substance 
known  as  a  perfect  gas,  the  ideal  to  which  the  actual  gases 
approximate.    The  properties  of  a  perfect  gas  are  : 

(1)  Its  characteristic  equation  is  of  the  form 

pv  =  RT  (3) 

(see  introduction)  ;  or  in  other  words,  it  obeys  the  laws  of 
Boyle  and  Gay-Lussac. 

(2)  Its  internal  energy  is  independent  of  its  volume. 
This  was  first  proved  by  an  experiment  of  Joule,  in  which 
he  allowed  au*  to  expand  from  one  vessel  in  which  it  was 
compressed  into  another  which  was  evacuated.  No  work 
was  done  by  the  gas  in  expanding,  since  there  was  no 
counter-pressure  for  it  to  overcome ;  no  heat  was  communi- 
cated to  it  during  the  expansion,  hence  its  internal  energy 
must  have  remained  the  same.  But  observation  showed 
that  the  temperature  of  the  gas  was  unaltered.  Now,  as 
the  total  internal  energy  remained  the  same,  its  volume 
energy  could  only  have  increased  (or  decreased)  in  conse- 
quence of  a  decrease  (or  increase)  in  its  heat  energy ;  the 
absence  of  change  in  temperature  therefore  proves  that 
the  change  in  volume  does  not  occasion  any  change  in 
energy. 

[That  is,  -y —  =  0  for  a  perfect  gas.]    ...  (4) 

We  may  now  define  a  scale  of  temperature,  for  if  a 
perfect  gas  be  heated  in  an  inexpansible  vessel,  then 
setting  V  constant  in  the  characteristic  equation  we  have 

i.  e.  the  pressure  is  proportional  to  the  (absolute)  tempera- 
ture, and  may  be  taken  as  a  measure  of  it ;  similarly,  if 
the  gas  be  heated  at  constant  pressure,  the  volume  is 
proportional  to  the  temperature.  In  either  of  these  ways 
a  gas  thermometer  is  employed  to  determine  temperature. 
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and  it  is  found  that  the  melting  point  of  ice  is  very  close  to 
273°  on  the  gas  scale,  the  interval  between  the  melting  and 
boiling  points  being  taken  as  100°. 

Suppose  then  a  gram-molecule  of  a  perfect  gas  be  heated 
through  a  range  of  1^  while  its  volume  is  kept  constant  ; 
the  amount  of  heat  absorbed,  say  Ky,  is  the  molecular 
specific  heat  at  constant  volume.  But  if  it  be  heated  through 
1°  at  constant  pressure,  p,  it  will  expand  by  an  amount 

V 

=  -J, ,  where  v,  T  are  the  original  volume  and  temperature : 

it  accordingly  does  external  work  to  the  amount  of  p  x 

The  increase  of  its  volume  energy,  as  we  just  saw,  is  nil, 
consequently  the  heat  absorbed  must  be  as  much  as  before, 

plus  that  required  to  effect  the  work  Calling  the 

quantity  the  molecular  specific  heat  at  consto/nt  pressure, 
we  have 

or  by  the  characteristic  equation 

Kp=Kv+R  (5) 

The  ratio  — ,  which  is  important,  will  be  expressed  by 
the  symbol  G, 

Hence  the  specific  heat  at  constant  pressure  is  greater 
than  that  at  constant  volume  by  the  amount  i2=l-98 
calories  per  gram-molecule  for  any  gas  that  is  approximately 
perfect. 

When  a  gas  expands  under  the  condition  of  constant 

RT 

temperature  (isothermal  condition)  p  =- — ,  where  A' is 

V 

a  constant ;  hence,  to  find  the  heat  absorbed  dm"ing  a  finite 
expansion     to  v^,  we  have 

K  2 
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but  dU  is  zero,  since  the  temperature  does  not  change,  and 
U  is  for  a  gas  independent  of  the  volume.  Therefore 
the  heat  absorbed  ^  „ 

Q=RT\og{f^  (6) 

There  remains  another  important  case  of  expansion,  viz. 
that  in  which  no  heat  is  imparted  to  or  withdrawn  from 
the  expanding  fluid  ;  it  is  called  isentropic.  This  case  is 
nearly  realized  when  steam  expands  very  rapidly  in  the 
cylinder  of  an  engine,  for  the  operation  is  too  rapid  to 
allow  much  communication  of  heat  to  or  from  the  walls 
of  the  cylinder. 

In  this  case 

dQ  =  0  =  dU  -\-  —dv. 

V 

or  Q  =  KvdT  +  (Kp-Kv)  — dv, 

V 

dT  dv  ^ 

^+(6^-l)-=:0, 

which  gives  on  integration 

and  by  means  of  the  characteristic  equation 

l<ir'(^)^  

Hence  the  work  done  by  the  gas  in  expanding  isentropi- 
cally  from  v^  to  v^  is 

or  by  means  of  the  precedhag  equation  (7) 


W  = 


G- 
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where  T,,  T,  are  the  temperatures  possessed  by  the  gas  at 
the  beginning  and  end  of  the  expansion  respectively. 

§  4.  Reversibility. 

The  processes  just  considered  belong  to  the  class  known 
as  reversible.  If  during  the  expansion  of  a  gas  its  tempera- 
ture be  maintained  constant,  heat  must  be  supplied  to  it  to 
the  extent  just  calculated  ;  for  that  purpose  a  source  of  heat 
must  be  available  whose  temperature  is  higher  than  that  of 
the  working  substance,  in  order  that  heat  may  flow  by 
conduction.  But  the  som-ce  need  not  exceed  the  working 
substance  in  temperature  by  a  finite  amount ;  any  excess, 
however  small,  will  sufiice  to  make  the  heat  flow,  though 
more  slowly  the  smaller  the  difference  of  temperature. 
Similarly,  if  it  be  desired  to  compress  the  gas  again  without 
allowing  its  temperature  to  rise,  heat  must  be  withdrawn 
from  it,  i.  e.  it  must  be  placed  in  communication  with 
a  body  of  lower  temperature,  to  serve  as  a  receiver  of 
heat ;  but,  again,  the  receiver  may  be  as  little  as  we  please 
cooler  than  the  working  substance.  Hence,  to  reverse  such 
an  isothermal  process,  it  is  only  necessary  to  change  the 
temperature  of  the  external  body,  which  serves  as  som-ce 
or  receiver,  from  a  little  warmer  to  a  little  cooler  than  the 
working  substance.  Perfect  reversibility  would  be  the 
ideal  limiting  case  in  which  the  change  of  temperature 
was  vanishingly  small.  Such  reversibility  is,  of  course, 
unattainable  in  practice  in  an  actual  steam  engine,  e.  g. 
the  time  available  for  heating  and  cooling  is  short,  so  that 
the  steam  must  be  heated  by  means  of  furnace  gases  which 
are  hundreds  of  degrees  hotter ;  the  heating  is  therefore 
irreversible  :  the  heat  cannot  be  made  to  flow  back  into 
the  furnace  gases  by  reversing  the  motion  of  the  piston. 
Similarly,  with  regard  to  the  transfer  of  mechanical  energy 
in  expansion,  we  have  to  distinguish  the  limiting  case  of 
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reversibility  from  the  actual  one  of  irreversibility.  The 
limiting  pressure  against  which  a  fluid  can  expand  is  equal 
to  its  own  pressure ;  if  the  pressure  resisting  the  expansion 
be  less,  the  expansion  will  take  place  more  rapidly,  but  less 
work  will  be  done ;  and  in  order  to  reverse  the  process  and 
compress  the  fluid,  the  external  circumstances  will  have  to 
be  altered  to  a  finite  extent,  the  pressure  which  was  less 
than  that  of  the  fluid  being  made  greater.  The  expansion 
will  therefore  only  be  reversible  when  the  pressure  applied 
to  the  fluid  (say,  by  a  piston)  is  constantly  equal  to  the 
pressure  of  the  fluid  itself;  the  expansion  of  steam  in  a 
cylinder  approaches  this  condition  as  nearly  as  the  speed  of 
working  required  allows,  while  the  extreme  case  of  irreversi- 
bility is  seen  in  the  experiment  of  Joule  mentioned  above, 
in  which  au'  was  allowed  to  expand  into  a  vacuum.  There 
no  work  at  all  was  done,  since  there  was  no  counter-pressure 
to  overcome,  and  the  process  could  only  be  reversed  by  an 
entire  change  in  the  circumstances  of  the  gas.  The  calcula- 
tions given  above  for  the  work  done  in  isothermal  and 
isentropic  expansion  apply,  it  must  be  noted,  only  to 
reversible  expansions,  and  consequently  give  the  maximum 
work  which  can  be  done  by  the  expanding  gas. 

'  A  process  that  can  in  no  way  be  completely  carried  out 
backwards  is  called  irreversible,  all  other  processes  reversible. 
That  a  process  may  be  irreversible  it  is  not  enough  that  it 
cannot  be  directly  reversed — that  is  the  case  with  many 
mechanical  processes  that  are  not  irreversible — but  it  is 
required  that,  even  with  the  aid  of  all  the  resources 
occurring  in  nature,  no  means  exist  by  which,  after  the 
j)rocess  has  taken  place,  the  initial  conditions  may  be 
exactly  restored '  (Planck). 

§  5.    Entropy  of  a  Perfect  Gas. 
The  volume  of  a  fluid,  and  its  internal  energy,  are  both 
quantities  which  are  completely  definite  when  the  pressure 
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and  temperature  of  the  fluid  are  defined  :  if  a  fluid  pass 
from  one  state,  defined  by  the  co-ordinates  ^,  T, ,  to  another 
defined  by  and  T^,  its  volume  changes  at  the  same  time 
from  a  certain  value  to  v^,  no  matter  what  intermediate 
states  may  be  passed  through ;  and  the  same  is  true  of 
the  internal  energy,  which  may  change  from  to  by 
a  definite  amount.  Briefly,  the  volume  and  energy  of 
a  fluid  are  fimctions  of  its  co-ordinates.  There  is  another 
quantity,  also  a  function  of  the  co-ordinates,  which  is  some- 
what obscure  in  its  nature,  and  difficult  to  grasp,  but  which 
is  extremely  important  for  the  theory  of  heat,  and  oifers 
the  simplest  and  clearest  mode  of  expression  of  the  second 
law  of  thermodynamics:  this  function  is  the  entropy.  To 
arrive  at  a  notion  of  its  meaning,  we  will  first  consider 
the  processes  already  described  as  isentropic,  i.  e.  of  constant 
entropy.  Such  a  process  consists  in  a  reversible  expansion 
or  compression  in  which  no  heat  is  supplied  to  or  withdrawn 
from  the  working  substance.  If  then  we  begin  by  defining 
the  entropy  as  a  quantity  which  remains  constant  during 
an  isentropic  process,  we  may  deal  first  with  a  perfect  gas 
and  make  use  of  the  equation 

Q  =  dU+pdv  =  0, 
RT 

or  KydT-]  dv=0, 

V 

which  on  integration  gives 

Ky  log  T+E  log  V  =  constant. 
This  then  is  a  quantity  whose  value  remains  unchanged 
during  the  expansion,  and  if  we  assume  that  the  entropy  of 
a  perfect  gas 

S  =  J{y  log  1'+  li  log  V  +  constant, 
we  shall  satisfy  the  conditions  so  far  laid  down. 

The  constant  is  arbitrary,  and  must  be  found  by  defining 
some  standard  condition  of  zero  entropy :  the  condition 
may  conveniently  be  that  defined  by  the  freezing  point  {T^) 
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and  atmospheric  pressure  {p^,  so  that  if  is  the  molecular 
volume  under  those  conditions,  the  entropy  of  a  pei'fect  gas 
is  given  by 

S  =  Kylog^  +E\og--     ....  (9; 

Example.  To  find  the  entropy  of  saturated  carbon  dioxide 
vapour  at  20°.  The  saturation  pressure  at  that  temperature 
is  59  atmos.  The  specific  heat  at  constant  volume  is  0-154 
calories  per  gram,  i.e.  0-154x44  per  gm.  molecule,  and 
R  =  1-98  calories.  The  volume  v  may  be  calculated  on  the 
assumption  that  the  gas  is  perfect,  as  v  =  y„  x  f ff  X  . 
Hence 

293 

6'  =  0- 1 54  X  44  log  Iff  +1-98  log  g^^^  =  -  7-453, 

the  unit  of  energy  being  the  calorie.  This  is  the  molecular 
entropy. 

From  the  expression  for  the  entropy  it  follows  that  in 
passing  from  the  condition  (vj,  T^)  to  {v^,  T^)  a  gas  increases 
in  entropy  from 

S,  =  £ylog{§)  +  BlogQ) 

to  S,  =  Kv\og{^)  +  R\ogQ), 

0  ^0 

whence 

S,~S,  =  Ky\og{^)  +  R\ogQ^-     .    .  (10) 

The  quantity  thus  defined  has  obviously  a  definite  value 
when  V  and  T  (or  p  and  T)  are  given :  it  is  therefore 
a  'function  of  the  co-ordinates' ;  the  next  point  is  to  show 
in  what  relation  it  stands  to  reversible  and  irreversible 
changes.  (1)  In  an  isentropic  (reversible)  change  the  heat 
communicated  to  the  working  substance  is  zero,  so  that 
no  change  of  entropy  implies  no  communication  of  heat 
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(in  a  reversible  process).  (2)  In  an  isothermal  (reversible) 
process  the  heat  communicated  according  to  (6)  is 

but  the  increase  of  entropy  is  by  (10) 

so  that  '^2~'^i  =  ^^^^ 

But  any  change  whatever  may  be  accomj)]ished  by  means 
of  successive  steps  which  are  either  isentropic  or  isothermal, 
so  that  as  the  entropy  of  the  gas  in  any  given  condition 
is  the  same,  by  whiitever  means  that  condition  is  arrived 
at  Ave  may  conclude  generally  that : — 

'When  a  perfect  gas  suffers  any  reversible  change,  the 
increase  in  its  entropy  is  found  by  dividing  each  quantity 
of  heat  communicated  by  the  ternperature  at  which  it  is 
received,  and  adding  together  the  quotients  so  obtained.' 

Or  symbolically 

d^='^i   (11a) 

but  in  a  reversible  change  we  have  seen  that 

dQ  —  dU  +pdv  ; 

therefore 

d  U +2)dv 


dS  = 


T 


The  next  step  is  to  show  that  the  quantity  thus  found — 
the  entropy — is  the  criterion  of  the  possibility  of  change 
in  a  system  of  perfect  gases ;  but  to  this  end  a  system 
must  be  considered,  such  that  no  outstanding  effects  remain 
in  other  bodies,  in  other  words  an  isolated  system.  Imagine 
two  gases  separated  by  a  partition  that  allows  free  passage 
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of  heat  from  one  to  the  other,  but  prevents  equalization 
of  pressure,  and  let  the  system  be  isolated  from  any  sui- 
roundings.  Then  a  reversible  change  might  occur  in  which 
one  of  the  gases  expanded  while  the  other  contracted. 
Suppose  that  during  the  process  a  quantity  of  heat  is 
converted  into  work  in  the  first  gas,  while  in  the  second 
a  quantity  is  evolved  at  the  expense  of  work.  Since 
the  process  is  reversible  the  quantities  of  work  must  be 
equal,  and  therefore  Qi=  Q^,  and  this  amount  of  heat  will 
simply  flow  through  the  partition  from  the  contracting  gas 
to  the  expanding.    The  fornier  therefore  loses  entropy  to 

the  extent  ^ ,  while  the  latter  gains      ,  where  T  is  the 

common  temperature  of  the  two  gases,  and  these  two 
quantities  are  equal,  so  that  the  total  entropy  is  unchanged. 

Here  we  have  an  instance  of  a  reversible  process,  and 
the  accompanying  change  of  entroj^y  is  zero :  the  same 
may  be  shown  to  be  true  of  any  other  instance,  and  we 
may  conclude  that  in  any  reversible  cJiange  of  an  isolated 
St/stem  of  perfect  gases  the  total  entrdjpy  remains  constant. 

Next,  if  the  change  is  irreversible.  As  a  type  of  this, 
consider  Joule's  experiment  in  which  a  gas  expands  into 
a  vacuum  ;  the  system  is  isolated,  for  no  communication 
of  heat  takes  place  even  if  no  precautions  are  taken  against 
it,  the  temperature  of  the  gas  remaining  the  same  during 
the  expansion.    The  change  of  entropy  may  be  calculated 


and  since  T  remains  the  same  while  v  increases,  it  is  obvious 
that  the  entropy  must  increase.  There  is  however  no  means 
of  reversing  the  process  and  restoring  the  gas  to  the  smaller 
volume  without  the  interference  of  some  external  agency, 
i.e.  the  converse  process  which  involves  a  decrease  in  the 
entropy  of  an  isolated  system  is  impossible.    This  argument 


from 
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too  may  be  extended  to  the  consideration  of  other  cases,  and 
leads  to  the  very  important  conclusion  that  any  action  of 
an  isolated  system  of  perfect  gases  leads  to  an  increase  in  the 
total  entropy  of  the  system,  except  in  the  limiting  case  of 
reversible  action  in  which  the  entropy  remains  constant. 

§  6.    Entropy  as  the  Criterion  of  Equilibrium 

in  general. 

Thus  far  in  developing  an  expression  for  the  entropy, 
and  in  considering  the  relations  between  that  quantity  and 
the  equilibrium  of  the  system  concerned,  we  have  dealt 
only  with  perfect  gases.  The  same  arguments  may,  how- 
ever, be  extended  to  cover  any  substance  whatever.  It  is 
true  that  we  cannot  always  find  an  explicit  expression  for 
the  entropy,  because  to  do  so  requires  a  knowledge  of  the 
characteristic  equation  of  the  substance,  and  the  character- 
istic equation  is  only  known  approximately,  if  at  all,  for 
real  substances.  To  find  the  general  condition  of  equilibrium, 
however,  does  not  require  any  such  detailed  knowledge.  It 
may  be  shown  that  there  always  is  a  function  possessing 
the  same  properties  as  the  entropy  of  a  gas  :  a  function 
defined  by  the  condition  that  if  the  body  goes  through 
a  reversible  process  in  which  it  absorbs  a  quantity  of  heat. 
Q,  while  its  temperature  is  T,  then 


the  increase  in  the  value  of  the  function  between  the 
beginning  and  end  of  the  process.  This  function  is  called 
the  entropy  of  the  substance,  and  plays  the  same  part  with 
regard  to  equilibrium  as  in  gases.  Here  the  temperature 
is  to  be  measured  on  the  gas  scale,  so  that  the  temperatm'e 
as  calculated  from  the  properties  of  a  perfect  gas  really 
possesses  a  meaning  which  is  independent  of  the  properties 
of  any  special  substance  ;  for  this  reason  the  term  absolute 
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scale  of  temperature  has  been  adopted.  The  absolute  scale 
is  very  nearly  rendered  in  practice  by  the  indications  of 
a  constant- volume  hydrogen  thermometer. 

Example.  To  calculate  the  entropy  of  liquid  carbon 
dioxide  at  20°. 

That  of  the  saturated  vapour  was  shown  above  to  be 
—  7-453  :  in  condensing  the  vapour  gives  out  34  calories  per 
gram,  that  being  the  latent  heat  of  carbon  dioxide  at  20",  or 
34  X  44  per  gram-molecule.  Hence  it  loses  entropy  to  the 
34x44 

extent  =  5-106.    Therefore  the  molecular  entropy 

of  the  liquid  is  -7-453-5-106  =  -12-559. 

Now  although  the  entropy  has  been  defined  by  means 
of  the  quantity  of  heat  absorbed  in  a  reversible  change, 
no  restriction  is  implied  as  to  the  application  of  the  results 
obtained.  For  the  entropy  of  a  substance  depends  ex- 
clusively on  its  condition  at  the  moment  considered  ;  that 
condition  defined,  say,  by  means  of  the  pressiire  and 
temperature,  the  value  of  the  entropy  is  fixed,  just  as  that 
of  the  volume  of  the  body  is  fixed,  no  matter  whether 
the  condition  has  been  arrived  at  by  reversible  or  irre- 
versible processes.  For  instance,  tlie  entropy  of  carbon 
dioxide  in  the  liquid  state  at  2.0°  has  been  calculated  above 
by  means  of  reversible  processes  ;  but  should  liquid  carbon 
dioxide  at  20°  be  allowed  to  evaporate  in  vacuo,  and  then 
be  cooled  by  contact  with  melting  ice — both  of  which 
processes  are  irreversible — till  it  is  at  0°C.  and  one  atmo- 
sphere pressure,  its  entropy  would  be  —12-559  in  the  first 
state,  and  0  in  the  last,  so  that  the  change  in  entropy 
would  be  the  same  as  in  the  reversible  path  between  the 
same  initial  and  final  states. 

The  entropy  of  any  substance  (referred  to  the  same  sub- 
stance in  some  standard  condition  as  zero)  may,  then, 
be  calculated  if  only  sufficient  experimental  data  exist, 
although  the  form  of  the  equation  connecting  the  entropy 
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with  pressure  and  temperature  is  not  as  a  rule  known. 
The  quantity  calculated  in  the  numerical  examples  above 
is  properly  called  the  molecular  entropy,  i.  e.  the  entropy 
per  gram-molecule  of  material.  The  total  entropy  of 
a  body  may  easily  be  found  by  multiplying  its  molecular 
entropy  by  its  mass  expressed  in  mols. ;  and  the  total 
entropy  of  a  system  is  the  sum  of  the  entropies  of  the 
separate  parts. 

Next,  reasoning  with  the  aid  of  the  results  for  perfect 
gases,  already  obtained,  it  may  be  shown  that  any  reversible 
process  in  an  isolated  system  leaves  the  total  entropy  of 
the  system  unchanged,  while  an  irreversible  process  causes 
it  to  increase.  We  have  therefore  arrived  at  a  universal 
criterion  of  the  possibility  of  change,  or  in  other  words 
a  universal  criterion  of  equilibrium.  This  may  be  put  as 
follows : — 

'  An  isolated  system  is  in  eguilihrium  when  any  possible  change 
in  it  causes  its  total  entropy  to  increase. ' 
Or, 

'  The  entropy  of  an  isolated  system  tends  to  a  maximum.' 

Symbolically  this  may  be  expressed  by  saying  : — 

'If  <S  be  the  total  entropy  of  an  isolated  system,  then, 
according  as  5<S  <or>  0  for  any  process,  that  process  will 
be  (1)  impossible,  (2)  possible  but  irreversible,  li  88=0 
the  process  belongs  to  the  limiting  (and  practically  unattain- 
able) class  of  reversible  actions.' 

This  then  is  the  mathematical  expression  of  the  second 
law  of  thermodynamics.  Any  problem  in  thermodynamics 
may  be  solved  by  means  of  it  and  the  equation  to  the  first 
law  already  obtained. 

§  7.    Deduction  of  the  Law  of  Mass  Action. 

Despite  the  great  place  occupied  by  thermodynamic 
reasoning  in  theoretical  chemistry,  and  the  variety  of  special 
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cases  to  which  it  has  been  applied  with  success,  there  are 
practically  only  two  theorems  involved.  These  are  on 
(1)  the  chemical  equilibrium  in  a  system  of  perfect  gases 
maintained  at  constant  temj)erature  ;  (2)  the  influence  of 
temperatm'e  upon  chemical  equilibrium.  These  two  theorems 
have  proved  so  fruitful  that,  either  by  their  direct  application 
or  by  analogy,  they  allow  of  systematizing  nearly  all  the 
phenomena  of  chemical  dynamics. 

The  first  of  the  two  is  to  a  certain  extent  identical  with 
the  empirical  law  stated  by  Williamson,  and  by  Guldberg 
and  Waage,  as  to  the  influence  of  mass  on  chemical  equi- 
librium ;  but  while  a  strict  thermodynamic  proof  may  be 
given  in  the  limiting  case  of  gases  treated  as  perfect  gases, 
no  indication  is  given  by  the  thermodynamic  reasoning  as 
to  what  error  is  involved  in  applying  the  law  to  actual 
gases  at  considerable  concentration.  Exj)eriment  shows — 
as  we  shall  see  in  the  following  chaj)ter — that  it  is  practically 
true  for  gases,  and  by  analogy,  for  solutions  over  somewhat 
wide  limits  of  concentration. 

As  applied  to  gases  it  may  be  expressed  in  the  following 
way  :— 

Let  there  be  a  mixture  of  gases  A,  B,  0,  D  .  .  .  be- 
tween which  the  reactioji 

vaA  +vbB+  ...  =  0 

can  take  place,  (Here  for  convenience  all  the  terms  are 
put  on  the  left-hand  side,  with  positive  or  negative  sign  as 
required,  y^,  vb,  &c.,  being  whole  numbers.  E.g.  the 
formation  of  steam  from  oxygen  and  hydrogen  would  be 
written  —  2  -  0^  +  2  H,0  =  0,  so  that  in  that  case 
=  —  2,  =  —  1,  i^c  =  +2,  there  being  an  increase  in 
the  quantity  of  steam,  and  a  decrease  in  that  of  hydrogen 
and  oxygen.) 

Let  the  concentrations  in  mols.  per  c.c.  be  Ca,  Cs  •  •  • 
Then  the  product  of  the  concentrations,  each  raised  to  a  power 
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equal  to  the  number  of  molecules  of  its  own  kind  occurring  in  the 
reaction,  is  constant.  Or 

C7xC7x...  =  /f.  (12) 

E.  g.  in  the  equilibrium  between  hydrogen,  oxygen,  and 
steam  at  high  temperatures 

Here  K  is  called  the  reaction  constant. 

The  law  is  often  expressed  in  the  corresponding  logarithmic 
form,           y  ^  log  Ca  +  z^^  log     +  . . .  =  log  K, 
or  briefly  2vlogG=  const  (12  a) 

The  reaction  constant  is  a  quantity  which  might  be  calcu- 
lated from  a  sufficiently  complete  knowledge  of  the  thermal 
properties  of  each  gas  of  the  system ;  but  practically  it  is 
determined  by  experiments  on  the  equilibrium  between  the 
gases.  To  proye  the  law  we  have  to  show  that  if  in  a 
mixture  of  gases  the  concentrations  are  in  agreement  with 
the  equation  just  stated,  then  a  small  change  made  in  accor- 
dance with  the  conditions  of  the  system  will  not  occasion 
any  change  in  the  entropy  of  the  system.  Such  a  change 
will  be  the  conversion  of  a  small  amount  of  the  reacting 
gases  according  to  the  equation 

vaA  +  vbB+ ...  =  0. 

Since  we  desire  to  obtain  the  condition  of  equilibrium  at 
constant  temperature,  and  the  reaction  is  (in  general) 
accompanied  by  an  evolution  of  heat  ( -f-  ^®  or  —  ^^),  we  may 
suppose  the  reacting  system  placed  in  thermal  communica- 
tion with  a  reservoir  of  heat  (say  a  mass  of  melting  solid) 
capable  of  absorbing  (reversibly)  all  the  heat  generated 
without  changing  its  temperature  T,  which  is  also  the 
temperature  of  the  reacting  gases.  We  shall  then  be 
dealing  with  an  isolated  system,  and  can  apply  the  con- 
dition of  maximum  entropy. 
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In  1  e.e.  we  have  of  the  first  gas  Ca  mols.,  therefore  its 

molecular  volume  (dilution)  is  =      •    Inserting  this  in 

the  expression  for  the  entropy  of  a  gas,  we  have  for  the 
molecular  entropy 

T  1 
SA  =  Ky^log— +  Rlog-^;    .    .    .  (13) 

but  since  the  temperature  is  constant  throughout  we  need 
not  write  this  expression  out  at  length,  but  put 

sa  =i^— ^logC^. 

Of  this  gas  there  is  a  quantity  Ca  mols.,  so  that  it  has  on 
the  whole  the  entropy 

SA  =  GA{jA-R\ogGA); 
the  total  entropy  of  the  mixture  (per  c.c.)  is  therefore 
S'  =  ^C  {j-R\og  G). 

Next  suppose  that  a  small  quantity  of  the  gas  is  transformed 
according  to  the  reaction  considered,  so  that  ^Ca  mols  of  A 
are  produced,  hCs  mols.  of  B,  and  so  on,  while  the  volume 
of  the  gas  remains  unaltered.  Then  the  entropy  of  the  gas 
will  change  from  two  causes:  (1)  the  quantity  oi  A  present 
will  alter  (increase  or  decrease  according  to  the  part  the  gas 
A  plays  in  the  reaction),  and  so  with  the  others  ;  (2)  the 
new  quantity  of  A  will  still  occupy  Ice,  so  that  its  concen- 
tration will  be  greater  or  less  than  before,  and  therefore  its 
molecular  entropy  less  or  greater  than  before.  Both  these 
changes  are  taken  into  account  in  differentiating  a  product 
of  two  factors,  and  we  get  for  the  increase  in  entropy  of 
the  gas 

hS'  =  2{j-lilogG) .  bG  +  ^G .  b{j-ElogC) ; 
but  since  j  is  a  constant,  this 

=  Sj.8C-/?21ogC.  8C-A'2C  •  ^ 

=  I.(j-Ji).hG-Ii^logC.bG, 
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JR,  being  put  outside  the  sign  of  summation,  since  it  is  the 
same  for  all  gases. 

Now  the  quantities  hG„  hC^,  &c.,  taking  part  in  the  re- 
action, are  proportional  to  the  whole  numbers  v^,  v^,  Sic,  or 
say  bGi  =  v^by,  and  so  on.    Then  we  may  write 
bS'  =  ^{j-R)v.by-R'2vlogC  .by. 

To  this  must  be  added  the  increase  of  entropy  of  the 
reservoir ;  the  latter  absorbs  the  quantity  g .      of  heat  that 

is  liberated,  hence  its  increase  of  entropy  is  bS   =  •^r' 

and  adding  together  the  two  increases  dS'  and  bS^^  we  get 
the  total  increase  of  entropy  of  the  system 

bS=(2{j-R)v~RlvlogC  +  |^)Sy. 

Hence  for  equilibrium  we  must  have 

^U-R)v-R^vlogC  +  ^  =  0,     .    .  (14) 

but  since  the  first  and  third  terms  on  the  left-hand  side  are 
independent  of  the  concentrations,  we  may  divide  by  JR  and 
write  the  condition  that  must  hold  between  the  concentra- 
tions S  y  log  (7  =  constant. 

Gruldberg  and  Waage's  law  is  thus  established  for  the  case 
of  a  mixture  of  perfect  gases  ;  its  meaning  will  be  elucidated 
in  the  following  chapters,  where  repeated  applications  to 
experimental  cases  will  be  made. 


§  8.    Thermodynamic  Equation  between  p,  v,  S,  and  T. 

The  second  thermodynamical  theorem  which  is  of  impor- 
tance for  theoretical  chemistry  is  based  upon  a  certain 
relation  that  exists  between  the  pressure,  volume,  tempera- 
ture, and  entropy  of  any  substance ;  or,  in  other  words, 
between  the  first  three  of  these  quantities,  and  the  heat 

L 
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involved  in  a,  change  in  the  condition  of  the  substance. 
As  stated  by  Maxwell  the  relation  is  as  follows  : — 

'  The  latent  heat  of  expansion  is  equal  to  the  product  of 
the  absolute  temperature  and  the  increment  of  pressure  per 
degree  of  temperatui-e  at  constant  volume.' 

The  meaning  of  this  is  perhaps  more  easily  grasp-  d  if  it 
be  expressed  symbolically.  By  latent  heat  of  expansion  is 
meant  the  heat  absorbed  when  one  gram-molecule  of  the 
substance  expands  by  one  cub.  cm.  ;  the  expansion  may  be 
due  to  a  fall  of  j)ressure,  or  to  change  of  state  from  solid  to 
liquid  or  liquid  to  vapour  (in  this  case  the  heat  is  commonly 
spoken  of  as  becoming  'latent'),  or  to  chemical  reaction 
accompanied  by  change  of  volume.  If  for  any  of  these 
causes  an  amount  of  heat  Q  is  absorbed  by  one  mol.,  whilst 
it  expands  from      to  v.,,  the  latent  heat  of  exj)ansion  is 

measured  by  — ^ —  •     Again,  if  the  substance  is  heated 

from  T-^  to  not  being  allowed  to  expand,  and  in  conse- 
quence rises  in  pressui^e  from       to  p^,  the  increment  of 

pressure  per  degree  is  ^^iZJJ'L  .  The  relation,  therefore, 
is  that  ^'a-^'i 

Here  T  may  conveniently  be  regarded  as  the  mean  between 
Tj  and  T^,  but  those  two  temperatures  must  not  be  far  apart. 
More  strictly  we  may  write  the  equation  in  the  differential 

T  hi  —  ll^ 
but  since  dQ-^T=  dS,  this  is 

.    .    .    .  (lu) 

(The  notation  used  is  that  of  Clausius,  in  which  the 
independent  variable  which  is  to  be  regarded  as  constant 
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is  expressed  by  a  suffix  to  the  sign,  ^,  of  partial  differentia- 
tion.) 

To  prove  the  relation  the  most  convenient  way  is  to 
consider  the  variations  of  the  quantity  U  —  TS.  This, 
which  will  be  written  F,  has  been  variously  called  the 
'free  energy,'  or  'available  energy,'  or  ' thernaodynamic 
potential  at  constant  volume.'  F  is  a  quantity  of  energy 
(for  U  is  the  internal  energy  of  the  substance,  and  the  other 
term  TS  represents  a  certain  quantity  of  heat),  and,  moreover, 
it  is  a  quantity  which  is  definite  and  always  the  same  for 
a  given  substance  in  a  given  state,  since  U,  T,  and  8  are  all 
definite  in  amount  for  any  given  state  of  the  substance. 
Now  any  variation  of  the  quantity  F  may  be  expressed  by 

'dF=dU-d{TS)  =dU-TdS-SdT, 

according  to  the  well-known  theorem  on  the  differentiation 
of  a  product.  But 

TdS  =  dU+j)dv 
(cf.  p.  137) ;  hence  we  may  put 

dF  =dU-SdT-{dU+pdv)  =  -SdT~2)dv,  .  (IG) 
and  regarding  T  and  v  as  the  independent  variables 

^  =  -.?and  -^  =  -p. 

But  since  F  is  a  function  of  the  variables  T  and  v,  we  know 
from  the  calculus  that 

^  ^_F_  I   dF  _ 

^^T~  hTh^' ^^^^ 

hence 

Tiv  IT 

the  result  to  be  proved. 

(This  result  may  be  illustrated  graphically  by  Fig.  22, 
in  which  pressure  and  volume  of  the  substance  are  repre- 
sented by  ordinate  and  abscissa.  The  free  energy  F  of  the 
substance  when  in  the  condition  a  is  represented  by  the 

L  2 
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shaded  area  oam  bounded  by  the  line  of  constant  volume  am. 
the  line  of  constant  temperature  ao,  and  the  lines  of  zero  pres- 
sure and  of  zero  entropy.  If  the  state  of  the  body  is  changed 
by  a  small  amount,  from  a  to  b,  the  free  energy  is  increased  by 
the  area  qbdo,  and  decreased  by  the  area  adnm.  A  change 
effected  at  constant  temperature  is  shown  by  ad,  and  is 
accompanied  by  a  decrease  of  free  energy  ADNM=j?dt',  so 


Fig.  22. 

that  -T^ —  =  —  ri,    A  change  effected  at  constant  volume  is 

dV 

shown  by  ac,  and  is  accompanied  by  an  increase  in  free 
energy  qbdo  =  SdT;  but  as  8  has  a  negative  value  to  the  left 

^  F 

of  QO,  it  follows  that        =  —  S.    Further,  both 

7i  bF  .  ,  ^F 

dvdT  and  ^  —  dTdv 

are  represented  by  the  area  acbd,  and  so  are  obviously 
identical. ) 

§  9.    Deduction  of  the  Influence  of  Temperatxire  on 

Equilibrium. 

The  thermodynamic  equation  just  proved  may  be  applied 
to  two  groups  of  cases :  (1)  discontinuous  changes,  (2)  reac- 
tions in  a  homogeneous  system.  With  regard  to  the  former, 
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which  includes  fusion,  evaporation,  sublimation,  and  a  cer- 
tain class  of  chemical  changes  which  are  accompanied  by 
an  abrupt  change  of  physical  state,  such  as  from  rhombic 
sulphur  to  the  other  crystalline  form  of  the  same  sub- 
stance, the  application  is  quite  straightforward,  and  will  be 
considered  in  detail  in  chap.  vi.  On  the  other  hand,  the 
application  to  the  changes  accompanying  reaction  in  a  gas 
or  dilute  solution,  for  which  Guldberg  and  Waage's  law 
holds,  may  most  conveniently  be  formulated  with  the  aid 
of  the  reaction  constant  as  follows  : — 

Let  Ea,  Eb,  &c.,  be  the  quantities  (in  gram-molecules)  of 
the  gases  AB  .  .  .  present  originally  in  v  c.c,  and  let  the 
reaction  vaA  +  vmB+ ...  =  0 

take  place  between  them  to  the  extent  y,  i.  e.  v^y  gram- 
molecules  of  A  are  formed,  vb"/  of  B,  and  so  on  ;  y  may  be 
called  the  degree  of  reaction  by  analogy  with  the  degree  of  dis- 

c)  S 

sociation.    We  have  to  evaluate  the  two  equal  quantities 

.  ^  dv 

and  Now  when  the  system  of  gases  expands  by 

a  small  amount  the  degree  of  i-eaction  is  altered,  and  in 

order  to  keep  up  its  temperature  it  must  be  supplied  with 

heat,  (1)  to  supply  the  increase  of  internal  energy  consequent 

on  the  reaction  proceeding  further ;    (2)   to  do  external 

work.    Or,  ^i-ry 

dQ  =  —  q  — —  dv  +pdv, 

where  q  is  written  for  the  '  heat  of  reaction,'  i.e.  the  decrease 
of  internal  energy  due  to  reaction  between  the  quantities  of 
the  reagents  occurring  in  the  equation. 

Hence,  as  dS  =  j 

~      T  -bv  T' 
Again,  if  the  system  of  gases  is  raised  in  temperature  while 
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its  volume  is  kept  constant,  its  j)ressure  rises  (1)  by  the 
direct  effect  of  temperature  on  the  pressure  of  each  gas  ; 
(2)  because  the  degree  of  reaction  is  altered,  and  therefore 
the  number  of  molecules  present.  Or, 

^^T  ~  T  ^  ly'  i)T' 
Comparing  the  last  two  equations  we  get 

This  expression  takes  a  simpler  form  if,  instead  of  the  degree 
of  reaction,  the  reaction  constant  K  be  introduced  ;  the  latter 
is  defined  by 

log  K  =  2 1>  log  C  =  2  ^•  log  

Differentiating  this  equation  under  the  condition  of  constant 
temperature,  and  therefore  constant  K,  we  have 


B  +  vy  V 
whence 

V  2 


cJyv  E  +  vy 

Further,  since  represents  the  increase  in  the  number 
of  molecules  due  to  the  reaction, 

—J^=  —  Si; 
dy  V 

by  the  characteristic  equation  to  a  gas. 
Lastly,  from 

E  +vy 


log  K  =  '2v  log  


V 


ii  V  =  constant  we  get 


'6,,  log  A' 


^AogK     ^     v'       ^.y  S„y 
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Introducing  these  three  results  into  the  expression  (18) 
for  J, , 

K  -{-vy 

Tliis  may  be  regarded  either  as  an  equation  for  determining 
the  heat  of  reaction  if  the  reaction  constant  K  has  been 
measured  at  more  than  one  temperature  ;  or  for  calculating 
the  effect  produced  by  change  of  temperature  on  the  re- 
action constant,  if  the  heat  of  reaction  be  known.  Numerous 
examples  of  its  use  will  be  given  below. 


§  10.    Alternative  Deduction. 

In  the  preceding  section  we  have  given,  on  account  of 
its  important  place  in  the  history  of  theoretical  chemistry, 
a  proof  of  the  theorem  on  the  influence  of  temperature  on 
equilibrium,  substantially  identical  with  that  adopted  by 
van 't  Hoff,  to  whom  the  theorem  is  originally  due.  Instead, 
however,  of  basing  the  proof  on  the  thermodynamic  rela- 
tion, we  may  follow  up  directly  the  reasoning  of  §  7  and 
obtain  an  easier  deduction.  The  former  method  brings  the 
law  of  temperature-influence  into  its  natural  relation  with 
the  influence  of  temperature  on  discontinuous  changes  ;  the 
present  method  illustrates  its  equally  natural  relation  with 
the  law  of  mass  action. 

The  proof  is  as  follows  :  — 

In  equation  (14)  the  quantity  j  is  an  abbreviation,  having 
the  meaning 

T 

3  =  Kylog^  ~Rlogv„ 
^  0 
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(see  equation  (13)).  Eestoring  the  full  expression  to  (14) 
we  get 

log^T.  ^Kvv-log2\.'2.Kyv-R\ogv,.^v-R.^v 

-i2.Si;logC+ ^=  0.    .    .  (20) 
Differentiating  with  respect  to  T 

Now  q  is  the  heat  of  reaction  at  constant  volume,  i.  e.  the 
decrease  of  internal  energy  due  to  the  reaction,  or  say 
q  =  U—U\  where  U  is  the  internal  energy  of  the  sub- 
stances disappearing  in  the  reaction,  U'  of  the  substances 

dq 

formed.    Hence  -y-^  will  be  the  difference  between  the  rates 

of  increase  with  temperature  of  U  and  U'  respectively  ;  but 
the  rate  of  increase  of  internal  energy  is  the  thermal  capacity 
at  constant  volume  expressed  for  each  substance  by  Kyv. 

Hence  ^Kyv  =  —-,  and  the  equation  reduces  to 
al 

-«A2H„gC-|5=0. 

Eemembering  the  definition  of  the  reaction  constant  K  this 
may  be  written  q_  ^^logK 

identical  with  (19). 


CHAPTER  IV 


CHEMICAL  DYNAMICS  OF  HOMOGENEOUS  SYSTEMS 

§  1.    Law  of  Mass  Action. 

In  treating  chemical  dynamics  two  principles  of  division 
may  conveniently  be  adopted,  according  to  the  problem  to 
be  studied :  we  may  consider  separately  the  velocity  of 
chemical  changes,  and  the  state  of  equilibrium  reached 
when  the  change  is  over  ;  or,  according  to  the  chemical 
systems  dealt  with,  we  may  consider  first  equilibrium  and 
velocity  of  changes  in  a  homogeneous  substance  and  then 
in  a  heterogeneous  group  of  substances.  Further,  the 
phenomena  may  be  studied  either  empirically  from  the 
observations  or  in  the  light  of  thermodynamic  reasoning. 

In  the  present  chapter  we  shall  deal  only  with  homo- 
geneous systems,  leaving  the  more  complex  case  to  the 
next  chapter ;  and  shall  defer  thermodynamic  treatment 
of  either  till  chap,  vi,  using  for  the  present  only  directly 
observed  results,  with  occasional  aid  from  the  conceptions 
of  the  molecular  theory. 

A  system  is  said  to  be  homogeneous  when  ordinary 
observation  does  not  show  it  to  consist  of  disparate  parts. 
Thus  any  mixture  of  gases  is  homogeneous— its  physical 
properties,  such  as  density,  transparency,  smell,  extend  to 
the  minutest  fraction  that  can  be  mechanically  detached. 
It  is  only  by  chemical  processes  that  it  can  be  shown  to 
contain  different  substances.     So  too  with  a  solution  or 
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mixture  of  liquids.  Chemical  reactions  can  therefore  occur 
within  a  homogeneous  system  consisting  of  mixed  gases  or 
mixed  liquids.  Solids  do  not,  under  ordinary  circumstances, 
unite  to  form  a  homogeneous  mixture. 

Reactions  sometimes  occur  which  api^arently  lead  to 
the  total  disaj)pearance  of  some  reagents  present  in  the 
mixture,  and  appearance  of  others  in  their  stead.  Thus,  if 
oxygen  and  hydrogen  be  mixed  in  the  right  proportions, 
and  raised  to  a  moderately  high  temperature,  they  are 
completely  and  irreversibly  converted  into  steam.  But 
that  is  not  the  most  usual  or  most  general  case.  In  general 
reactions  are  reversible,  leading  to  a  certain  state  of  equi- 
librium in  which  all  the  reagents  concerned  are  present. 
Thus,  in  the  formation  of  hydriodic  acid  at  moderate  tem- 
peratures, H,  +  I,r=  2HI. 

When  equilibrium  is  reached  it  is  found  that  both  hydriodic 
acid  gas  and  the  uncombined  elementary  gases  are  present, 
mixed  ;  and  further,  that  the  same  state  of  equilibrium  is 
reached  whether  we  start  from  a  mixture  of  and  I,  or 
from  pure  HI,  provided  the  temperature  and  pressure  of  the 
systems  be  the  same,  and  a  sufficient  time  is  allowed  for 
equilibrium  to  be  reached.  Such  a  reaction  is  called  rever- 
sible, and  is  expressed  by  a  modification  of  the  sign  of 
equality,  thus  :—        H2  -f-I^;;!:  2  HI. 

It  is  not  certain  that  any  reactions  are  really  irreversible  ; 
thus,  in  the  case  quoted  previously,  it  is  possible  that  a 
little  of  the  oxygen  and  hydrogen  remains  uncombined. 
even  at  the  lowest  temperatures,  as  certainly  some  does  at 
high.  In  any  case  apparently  irreversible  reactions  may 
be  treated  as  if  they  were  reversible,  only  with  the 
reagents  on  one  side  of  the  equation  prevailing  enormously 
over  those  on  the  other.  Thus  the  laws  of  reversible 
reactions  may  be  looked  upon  as  general,  and  including 
those  of  irreversible  reactions  as  particular  cases. 
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The  most  important  result  that  has  been  arrived  at,  with 
regard  to  equilibrium  in  a  homogeneous  system,  is  the  law 
of  mass  action,  frequently  known  by  the  name  of  Guldberg 
and  Waage's  law.  This  law,  which  was  stated  and  proved 
in  the  preceding  chapter,  for  perfect  gases,  may  be  con- 
sidered also  from  the  point  of  view  of  the  molecular  theory, 
and  as  that  theojy  deals  with  the  actual  structm-e  of 
chemical  systems,  a  more  intelligent  insight  into  the  cause 
and  meaning  of  the  law  may  thus  be  obtained  than  is 
possible  by  means  of  thermodynamic  reasoning  only.  The 
most  essential  point  in  the  molecular  conception  of  a  gas 
is  that  the  independent  moving  particles  (molecules)  com- 
posing the  gas  are  assumed  to  be  so  far  apart  that  for  the 
most  part  they  do  not  appreciably  affect  one  another  ; 
mutual  action  of  the  molecules  only  takes  place  in  the  brief 
time  occupied  in  a  collision  between  them.  On  this  view 
it  is  easy  to  follow  out  in  a  general  way  the  effect  of 
changes  in  concentration  of  reacting  gases.  Thus,  to  take 
the  simplest  case  first,  suppose  we  have  a  mixture  in  equal 
volumes  of  hydrogen  and  chlorine.  A  certain  number  of 
collisions  in  which  a  hydrogen  molecule  strikes  one  of 
chlorine  will  occur  in  a  second  ;  and  in  some  of  these  colli- 
sions combination  will  take  place.  Now  let  the  concentra- 
tion of  the  hydi'ogen  be  doubled,  so  that  there  are  twice  as 
many  hydrogen  molecules  in  a  given  volume  ;  then  twice  as 
many  will  collide  with  a  chlorine  molecule  per  second,  and 
twice  as  much  hydrochloric  acid  will  be  formed.  If  the 
concentration  of  the  chloi'ine  be  doubled  the  same  effect 
will  be  produced,  so  that  if  both  concentrations  are  doubled, 
say  by  compressing  the  gaseous  mixture  into  half  the 
volume,  then  four  tim'es  as  many  collisions  will  occur  in 
imit  volume  in  unit  time,  and  the  velocity  of  reaction  (i.  e. 
quantity  of  combination  per  second)  will  be  quadrupled. 
Here  the  action  is  not  complicated  by  any  appreciable  reverse 
reaction,  as  hydrochloric  acid  gas  does  not  dissociate  notice- 
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ably  at  moderate  temperatures.  Next  suppose  two  molecules 
of  the  same  kind  are  required  to  effect  the  reaction,  as  in 
the  formation  of  water.  Then  the  rate  of  combination  will 
be  proportional  to  the  number  of  collisions  in  which  the 
required  two  molecules  of  hydrogen  and  one  of  oxygen 
meet ;  and  this  number  will  be  quadrujDled  by  doubling  the 
concentration  of  the  hydrogen,  while  it  is  only  doubled  by 
doubling  the  concentration  of  the  oxygen.  Generally  we 
may  say  that  if  we  have  a  reaction  in  which 

vaA  -{-vjiB-it-  ... 

combine  to  form  new  substances,  the  velocity  of  the  reaction 

where  A;  is  a  constant. 

Next  suppose  the  reaction  to  be  reversible,  e.  g.  the  com- 
bination of  hydrogen  with  iodine  vajjour.  Then  collision 
of  a  hydrogen  with  an  iodine  molecule  will  sometimes 
(according  to  the  speed  of  the  colliding  molecules  and  other 
circumstances)  lead  to  combination  ;  but  collision  of  two 
molecules  of  hydriodic  acid  will  sometimes  lead  to  the 
decomposing  into  the  elements  again.  Among  the  large 
number  of  molecules  both  processes  will  be  continually 
taking  place,  and  the  state  of  equilibrium  eventually  arrived 
at  means  nothing  more  than  that  the  composition  and 
decomposition  of  HI  occur  at  the  same  rate.  If  then 
we  write  the  equation  to  a  reaction  between  gases 

the  Velocity  of  conversion  of  the  left-hand  system  into  the 
that  for  conversion  of  the  right-hand   system  into  the 
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and  for  equilibrium 

This  is  Guldberg  and  Waage's  law,  as  stated  in  chap,  iii, 
only  here  we  see  that  the  reaction  constant  K  may  be 
regarded  as  the  ratio  between  the  two  velocity  constants 
/,-.  I-'. 

§  2.    Chemical  EcLuilibrium  :  Gases. 

The  number  of  gaseous  reactions  that  have  been  studied 
is  small,  partly  because  not  many  such  reactions  which  are 
reversible  and  take  place  at  conveniently  attainable  tem- 
peratures are  known,  and  partly  because  the  exj)erimental 
difficulties  are  considerable.    It  may  be  noted  here  that 
the  methods  available  for  the  quantitative  study  of  a  chemical 
reaction  fall  into  two  groups:  (1)  chemical  analysis,  (2) 
measurement  of  some  physical  constant.    The  first  of  these 
methods  is  not  in  general  applicable,  as  it  consists  essen- 
tially in  removing  some  one  or  more  components  of  the 
mixture  to  be  analyzed  in  order  to  weigh  ;  but  the  removal 
of  any  component  alters  the  system  and  tends  to  set  up 
a  new  state  of  equilibrium.    E.  g.  suppose  it  were  desired 
to  find  to  what  extent  hydrogen  and  iodine  combine  at 
440';  this  could  not  be  done  by  removing  the  hydriodic  acid 
formed  at  that  temjDerature,  because  then  the   state  of 
equilibrium  arrived  at  would  be  upset,  and  more  hydrogen 
and  iodine  would  combine  till  by  repeated  removal  of  the 
products  all  was  converted  into  hydriodic  acid.    If,  how- 
ever, the  reaction  is  very  slow,  it  may  be  possible  to  carry 
out  the  analysis  before  sufficient  time  has  elapsed  to  allow 
of  an  appreciable  change  in  the  equilibrium,  especially  if 
the  reacting  system  can  be  cooled  before  analysis,  since  all 
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reactions  go  on  more  slowly  at  low  temperatures.  Otherwise 
recourse  must  be  had  to  the  measurement  of  some  physical 
constant  of  the  unaltered  mixture  of  reagents. 

The  simplest  class  of  reversible  reactions  is  that  of 
dissociation,  in  which  a  single  molecule  breaks  up  into  two 
or  more.    The  well-known  case  of  nitrogen  tetroxide, 

has  been  fully  worked  out  by  Natanson',  who  measured 
the  density  of  the  partly  dissociated  gas  under  varying 
pressures  by  a  direct  process  similar  to  Kegnault's  method 
for  gas  densities.  Applying  the  law  of  mass  action  to  this 
case,  we  have  ^,2 

where  CnQj  is  the  concentration  of  the  NO.,  present 
(gm.  mol./c.c.),  and  C^^q^  that  of  the  N.^O^.  A  series  taken 
from  Natan  son's  experiments  is  given  on  p.  50  ;  as  may  be 
seen  from  that,  the  values  of  K  found  from  determinations 
at  pressures  varying  from  GO  to  600  mm.  are  satisfactorily 
constant. 

Next,  we  may  consider  the  typical  and  often-quoted 
reaction  between  gaseous  hydrogen  and  iodine, 

H,  +  I,^2HI, 

studied  by  Hautefeuille,  Lemoine,  and  very  fully  by  Boden- 
stein  ^    The  law  of  mass  action  takes  the  form 

^  III 

The  method  adopted  by  Bodenstein  was  as  follows: — 
A  number  of  glass  bulbs,  each  of  about  15  c.c,  were  filled 
with  pure  hydriodic  acid  gas  at  the  atmospheric  temperature 

^  Natanson,  WicA.  Ann.  24.  465  ;  27.  613. 
"  Bodenstein,  Osiw.  13.  56  ;  22.  i. 
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and  a  pressure  of  i,  1,  H,  or  2  atmospheres.  The  bulbs  were 
then  sealed  off  and  heated  for  a  measured  time  by  means  of 
baths  at  a  known  temperature,  varying  from  that  of  steam 
(100^)  to  vapour  of  pentasulphide  of  phosphorus  (5 1 S"") .  The 
bulbs  were  then  rapidly  cooled  and  their  capillary  points 
opened  under  caustic  potash  solution  ;  the  solution  dis- 
solved the  hydriodic  acid  remaining,  as  well  as  the  iodine 
liberated,  leaving  the  hydrogen.  The  bulb  was  weighed 
with  the  caustic  potash  contained  ;  next  filled  completely 
with  potash  and  weighed,  and  finally  emptied,  dried,  and 
weighed.  In  this  way  Bodenstein  determined  (1)  the 
volume  of  the  bulbs,  and  hence  the  weight  of  hydriodic 
acid  originally  contained  in  them  ;  (2)  the  volume  of 
hydrogen  liberated,  and  hence  the  weight  of  hydriodic 
acid  decomposed.  In  a  second  series  of  experiments  the 
bulbs  were  filled  with  a  measured  amount  of  hydrogen 
and  a  weighed  amount  of  iodine  ta  begin  with,  and 
treated  in  the  same  manner  as  before.  The  results  of 
experiments  made  in  vapour  of  sulphur  (448'')  are  shown 
in  Fig.  23.  The  abscissae  represent  the  duration  of  the 
experiment,  ordinates  the  fraction  of  hydriodic  acid  remain- 
ing. The  upper  curve  shows  how,  when  all  the  gas 
originally  present  is  HI,  decomposition  goes  on  at  first 
rapidly,  then  more  and  more  slowly,  till  in  about  two  hours 
the  state  of  equilibrium  is  reached,  in  which  about  22  per 
cent,  of  the  HI  is  decomposed  ;  the  lower  curve  shows  the 
combination  that  takes  place  when  free  H2  and  I^  are 
present  to  start  with,  and  the  same  state  of  equilibrium 
reached  in  about  the  same  time. 

According  to  the  equation  C'h.  x  Ci^-^-C^hi  =  K  pressure 
should  be  without  influence  on  the  equilibrium  of  hydri- 
odic acid  ;  for  if  the  concentration  of  the  gaseous  mixture 
be  doubled,  both  numerator  and  denominator  on  the  left- 
hand  side  will  be  increased  fourfold  and  the  value  of  K 
remains  unaltered.    This  is  generally  true  of  reactions  in 
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which  the  total  number  of  molecules  formed  is  equal  to 
the  total  number  destroyed,  and  was  directly  verified  by 
Bodenstein,  who  found  at  448° 

Original  pressure  of  HI        ^  i  1+2  atmos. 

Fraction  decomposed        0.2019      0.2143      0  2225  0.2306 

The  agreement  of  these  numbers  is  only  moderately  good, 
but  would  be  better  if  it  were  possible  to  allow  for  a  certain 
absorption  of  HI  by  the  glass  of  the  bulbs. 

From  these  numbers  we  may  calculate  the  reaction  con- 
stant :  let  G  be  the  original  concentration  of  hydriodic  acid 
in  an  experiment  in  which  that  gas  alone  is  present  to  start 
with,  and  let  y  be  the  degree  of  its  dissociation  when  equi- 
librium is  obtained,  we  then  ha,ve  present  G  (l-y)  of  HI,  yC 
of  H^,  and  yG  of  Ij,  so  that 

yCxyC    _  _ 
\C{\-y)Y     {l-yf-  ' 

and  with  y  =  0-2198     =  0-01984  (at  448°). 

Now  if  hydrogen  and  iodine  not  in  molecular  proportions 
react  together,  the  law  of  mass  action  will  enable  us  to 
calculate  the  amount  of  HI  formed,  by  means  of  the  above 
value  of  K.  Thus  if  one  molecule  of  Hg  react  with  a  mole- 
cules of  I2,  and  y  be  the  amount  of  free  hydrogen  remaining, 
we  have  Ch^  =  y,  Gi^=  a  —  \+y,  Gm.  =  2  (1  —  y) ;  wherefore 

y  (a—  1  -f  y) 

^4-7:; — -  0-01984. 
4(l-y)2 

From  this  equation  y  may  be  calculated,  and  the  quantity 
of  HI  =  2  (1  —  y)  compared  with  that  foimd  by  experiment. 
Bodenstein  found 

H2  Ij  a=— -      HIcaic.       HI  06s. 

c.c.  c.c.  H2  C'C.  C.C. 

20.57  5-22  0-254  10-19  10.22 

20-53  25.42  1.238  34.96  34.72 

19.99  100.98         5-048         39-22  39.62 

The  gases  are  measured  at  0°  and  760  nam.,  and  the  weight 

If 
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of  iodine  reduced  to  the  volume  it  would  occupy  if  gaseous 
under  those  conditions. 


§  3.    Equilibrium  in  Liquids. 

The  conclusions  arrived  at  as  to  equilibrium  in  gases  may 
be  extended  to  dilute  solutions  without  change,  since,  as 
pointed  out  by  van 't  Hoff  and  others,  the  dissolved  sub- 
stances when  dilute  behave  as  if  their  molecules  were  free 
from  mutual  action,  like  those  of  a  gas.  It  is  found  ex- 
perimentally, however,  that  the  law  of  mass  action  is  not 
only  true  for  dilute  solutions,  but  frequently  for  liquid 
systems  without  restriction  of  concentration.  The  best 
known  instance  of  its  application  to  liquid  mixtures  is  in 
the  formation  of  esters,  e.  g. 

CH3  COOH  +  C2  Hg  OH  ^  CH3  COOC2  H,  +  H2  0. 

This  reaction  proceeds  so  slowly  that  the  method  of 
chemical  analysis  is  available  ;  the  coiu-se  of  the  reaction  can 
be  followed  by  removing  a  specimen  at  intervals  and  titrating 
the  acid  contained. 

The  law  of  mass  action  indicates  that 

C  ester  X  G  water  ^ 
C  acid  X  G  alcohol 

and  here,  as  in  the  preceding  case,  the  volume  occupied  by 
the  mixture  does  not  come  into  consideration,  since  if  all 
the  concentrations  are  changed  in  the  same  ratio,  the  value 
of  K  remains  the  same. 

If  the  molecular  quantities  of  acid  and  alcohol  be  mixed, 
it  is  found  that  two-thirds  of  each  are  converted  before 
equilibrium  is  reached,  so  that  calling  C  the  original  con- 
centration of  each,  we  have 

IGx^G-^- 

If,  next,  one  molecule  of  acid  react  with  a  molecules  of 
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alcohol,  and  y  be  the  quantity  of  acid  converted,  then  in 
the  equilibrium  condition  the  concentrations  of  the  reagents 
are  acid  1  —  y,  alcohol  a—y,  water  and  ester  each  y,  whence 


(1-y)  {^-y) 

and  solving  we  get   

y  =  f  (a  +  1  -  Vd'-a  +  \). 

This  equation  represents  veiy  well  the  results  of  experiment, 
as  may  be  seen  from  the  following  table  of  observations  by 
Berthelot  and  Pean  de  St.  Gilles  :  — 


«. 

7  (pis.). 

7  (calc). 

a. 

7  (obs,). 

7  (calc). 

0.05 

0.05 

0049 

0-67 

0.519 

0528 

0.08 

0-078 

0  078 

I. 

0.665 

0.667 

o.rS 

0-171 

0.171 

1-5 

0-819 

0  785 

0  28 

0-226 

0.232 

2. 

0-858 

0.845 

033 

0.293 

0.311 

2.24 

0-876 

0864 

05 

0.414 

0-423 

8 

0-966 

0-945 

Here,  Guldberg  and  Waage's  law  is  true,  although,  far 
from  the  solution  being  dilute,  the  reagents  occupy  the 
entire  volume  of  the  liquid. 

When  one  of  the  reagents  is  present  in  immensely  greater 
quantity  than  the  others,  its  concentration  is  practically 
unaltered  by  the  reaction.  This  is  the  case  with  the  solvent 
in  a  dilute  solution,  if  the  solvent  takes  part  in  the  reaction. 
Thus,  in  the  preceding  example,  if  alcohol  and  acid,  instead 
of  acting  on  one  another  in  the  pure  state,  are  each  dissolved 
in  much  water  and  then  mixed,  the  small  amount  of  water 
formed  in  the  esterification  will  make  no  sensible  diflference 
to  the  concentration  of  the  water.    Thus  in  the  equation 

C  eater  X  C  water   

G  acid  X  G  alcohol 

the  factor  C  water,  being  constant,  may  be  transferred  to  the 
right-hand  side,  and  the  law  of  mass  action  takes  the  form 

 G  ester   j^/ 

G  acid  X  G  alcohol 

and  K'  is  often  treated  as  the  reaction  constant. 

M  2 
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More  often  the  solvent  does  not  take  part  in  the  reaction, 
and  then  it  need  not  be  taken  into  account,  the  dissolved 
substances  being  treated  as  if  in  the  gaseous  state. 

We  have  seen  in  chap,  i  that  in  all  electrolytic  solutions 
the  dissolved  substance  may  be  regarded  as  dissociating  into 
atomic  groups  called  ions  ;  these  differ  from  ordinary  products 
of  dissociation  only  in  being  associated  with  positive  and 
negative  electric  charges,  and  accordingly  the  law  of  mass 
action  may  be  applied  to  them.  In  the  case  of  weak 
electrolytes,  organic  acids,  and  weak  bases  like  ammonia, 
the  law  is  strictly  verified,  and  the  dissociation  constant 
may  be  measured  (see  dichloracetic  acid,  p.  68).  There  the 
reaction  is 

CH  CI2  COOH  ^  CH  CI2  COO'  +  H'  ; 

the  positive  ion  is  indicated  by  a  (*),  the  negative  by  a  ('), 
following  the  convenient  usage  of  Ostwald.  Guldberg  and 
Waage's  law  indicates  that  * 

0  CH  CI2  coo  X  C  H  _ 

CcHClaCOOH  ' 

and  measurements  of  electric  conductivity  show  this  to  be 
the  case.  If  an  electrolyte  break  up  into  more  than  two 
ions,  the  dissociation  usually  takes  place  by  stages  ;  thus,  e.g. 

H,SO,:^HSO',  +  H', 
and  H-  +  HSO',  ^  SO",  +  H'  +  H* ; 

each  reaction  having  its  own  equilibrium  condition. 

The  law  of  mass  action,  however,  does  not  seem  to  apply 
to  the  dissociation  of  salts  and  strong  acids  and  bases,  in 
other  words,  strongly  dissociated  electrolytes.  Of  these 
an  example  (K  CI)  was  given  on  p.  67.  It  is  found  that 
instead  of  C  C 

—p^  =  constant, 
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or,  since  the  two  ions  are  necessax'ily  equal  in  amount, 

C'^on-j-Csait  =  constant, 
the  purely  empirical  relation 

C'^onH-C'sait  =  constant, 

introduced  by  Eudolphi  and  van 't  Hoff,  holds  approximately. 

Measurements  of  the  degree  of  dissociation  of  electrolytes 
may  be  made  by  several  other  methods  as  well  as  that  of 
electric  conductivity.  The  physical  constants  of  the  solution, 
such  as  the  freezing  point  (p.  55)  and  the  density  (vid.  inf.), 
may  be  made  use  of  for  the  purpose  ;  and  information  may 
be  derived  from  the  catalytic  effect  the  solution  has  on  the 
velocity  of  certain  reactions,  such  as  the  inversion  of  cane- 
sugar.  When  the  degree  of  dissociation  is  known,  it  can  be 
employed  in  the  solution  of  more  complex  problems  of 
equilibrium  in  which  the  electrolyte  takes  part.  Some 
important  instances  of  that  will  be  considered  next. 

When  two  electrolytes  containing  a  common  ion  are 
mixed,  the  equilibrium  between  them  can  be  calculated  by 
means  of  the  dissociation  of  each  electrolyte  separately.  As 
an  example,  we  will  take  the  equilibrium  between  acetic  acid 
and  sodium  acetate  as  studied  by  Arrhenius  \ 

The  method  adopted  was  a  catalytic  one:  the  rate  of 
inversion  of  cane-sugar  in  aqueous  solution  is  found  to  depend 
on  the  acidity  of  the  solution,  and  is  in  fact  a  measure  of 
the  free  H-ions  present.  Now  the  rate  of  inversion  of  sugar 
at  54-°3  by  ^  normal  H  CI  has  been  found, 

h=  4-69  X  10~^  per  minute, 

i.e.  4-69x10"^  of  the  sugar  present  is  inverted  in  one 
minute  by  H  CI  of  the  strength  stated,  and  at  that  degree  of 
dilution  hydrochloric  acid  is  practically  completely  dis- 
sociated . 


'  Ostw.  5.  6. 


PHYSICAL  CHEMISTRY 


The  dissociation  of  acetic  acid  may  be  calculated  from  the 
equation  C^ion-^Csait  =  1-615  x  10-« 

(concentration  in  gram-molecules  per  c.c),  and  for  quarter- 
normal  acid  is  0-008.  Hence,  if  the  rate  of  inversion  is 
proportional  to  the  quantity  of  H-ions  present,  it  should  be 

80' 

for  quarter-normal  C2H4O2 .  This  is  precisely  the  number 
Arrhenius  found  experimentally. 

If  now  acetic  acid  of  that  strength  be  mixed  with  a  small 
amount  of  sodium  acetate  of  concentration  n,  the  quantity 
of  acetyl  ions  present  is  increased  by  the  amount  dissociated 
fi'om  the  sodium  acetate,  and  which  may  be  approximately 

calculated  from  the  relative  molecular  conductivity  t— • 

We  have  then  equilibrium  between  hydrogen  ions  of  con- 

11  A. 

centration  Ch,  acetyl  ions  of  concentration  Ch+  t— '  and 

A  00 

undissociated  acetic  acid  of  concentration  -joVo  ~  ^h,  so  that 

■nl 
•A. 


=  1-615x10-8; 


4  0^0  0 

from  this  equation  the  value  of  (7h  may  be  calculated,  and 
consequently  the  rate  of  inversion.  The  results  of  Arrhenius' 
experiments  are  in  good  agreement  with  the  numbers  so 
calculated,  as  the  following  table  shows: — 

—  •    io'fc(o6s.).  io^k{calc.). 


J  norm.  CjHA    °-75  0-75 


+  ^  norm.  CjHyNiiO:;     0912        0-122  0.128 
„  0.76         0070  0079 

„  ^  „  0.739        0040  0.040 


0.713      0019  0.017 


|.  0-692      0.0105  0.0088 

It  will  be  noticed  that  the  presence  of  a  very  small 
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amount  of  the  salt  is  sufficient  to  reduce  the  dissociation  of 
the  acid  to  one-sixth  of  its  amount :  this  is  due  to  the  much 
greater  degree  of  dissociation  of  the  salt  itself. 

§  4.  Avidity, 

The  calculation  in  the  above  case  is  doubtful  on  one 
point,  for  as  sodium  acetate  does  not  follow  the  usual  law  of 
dissociation  (Ostwald's  law),  its  degree  of  dissociation  must 
be  calculated  from  its  conductivity.  But  the  dissociation  so 
calculated  is  that  it  would  possess  when  in  solution  alone  ; 
when  mixed  with  acetic  acid  its  equilibrium  is  slightly 
displaced,  and  the  concentration  of  the  acetyl  ions  is 
accordingly  not  given  quite  accurately  by  the  method 
adopted  above.  The  problem  of  equilibrium  can,  however, 
be  more  completely  solved  in  the  case  of  two  weak  acids, 
each  of  which  follows  Ostwald's  law  of  dissociation,  and 
whose  dissociation  constants  are  known. 

Let  the  two  acids  Z,H,  Z^H  be  mixed  with  a  quantity  of 
base  MOH,  insufficient  to  neutralize  them  completely,  and 
let  /f,,  be  their  dissociation  constants.  Then  the  law  of 
mass  action  yields  the  equations 

~r  =   =  ^2. 

Now  the  imcombined  (weak)  acids,  in  presence  of  their  own 
salts,  will  hardly  be  dissociated  at  all,  as  in  the  case  of 
acetic  acid  and  sodium  acetate,  so  that  Ch  may  be  neglected 
in  comparison  with  the  concentration  of  the  undissociated 
acids,  CziH,  CziU,  and  the  latter  quantities  may  be  taken  as 
expressing  the  amounts  of  uncombined  acid  dissociated  or 
not.  Again,  the  salts  are  almost  entirely  dissociated,  so  that 
the  concentrations  of  the  undissociated  parts,  Z^M,  Z^M., 
may  be  neglected  in  comparison  with  the  dissociated,  and 
Cz,,  Cz,  practically  express  the  amounts  of  the  two  salts. 
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Hence,  dividing  the  first  of  the  above  equations  by  the 
second,  we  get 

^1  _  Czx  X  <7z,H  ^  salt  Z,M  X  acid  Z,H 
Oz^xCziR~  salt  Z,  M  X  acid  Z,  H  * 

If  the  concentration  of  the  total  base  and  total  acids  are 
each  unity,  and  y  be  the  amount  of  the  first  acid  neutralized, 
1  —  y  is  the  amount  of  the  second  acid  neutralized,  1— y  of 
the  first  remains  free,  and  y  of  the  second.  Hence 

(l-y)(l-y)      i-y~  V 

We  see  then  that  the  equilibrium  is  governed  by  the 
relation  betw^een  the  dissociation  constants  of  the  two  acids. 
If  we  write  the  reaction 

Z2M+z,h:^z,m+Z2H, 

we  see  that  this  is  a  reversible  reaction  on  which  it  is  not 
necessary  to  make  special  measurements  to  determine  the  reaction 

constant,  since  that  constant  is  equal  to  ~  • 

The  ratio  expresses  the  ratio  in  which  the  base 

shares  itself  between  the  two  acids,  and  is  called  their 
relative  avidity.  The  relative  avidity  of  two  weaJc  acids  is 
therefore  equal  to  the  square  root  of  the  ratio  of  their  dissociation 
constants.  The  same  rule  holds  for  bases  which  follow  the 
law  of  dissociation  when  in  presence  of  acid  insufficient  to 
neutralize  them  completely.  Ostwald's  measurements  of 
the  relative  avidity  afford  an  excellent  example  of  the  use 
of  a  physical  method  to  determine  equilibrium  :  the  method 
adopted  was  to  measure  the  density  of  the  solutions  in  order 
to  determine  how  much  of  each  of  two  salts  was  formed. 
The  example  refers  to  equilibrium  between  nitric  and 
dichloracetic  acids,  a  case  in  which  the  method  of  electric 
conductivities  is  unavailable,  since  nitric  acid  does  not  follow 
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the  ordinary  law  of  dissociation,  and  consequently  does  not 
possess  a  dissociation  constant '. 

I  kg.  solution  containing  i  gm.  mol.  KOH  occupies  at  25'    950.668  c.c. 


17 


HNO,         „  966  623 


Sum       .       1917-291  „ 
Volume  after  mixing  i937'337  >i 

Expansion  20046  „ 

1  kg.  solution  containing  i  gm.  mol.  KOH  occupies  at  25°    950.668  c.c. 

„        CHCI2COOH  947-377  „ 

Sum       .       1898  045  „ 
Volume  after  mixing  1910.991  „ 

Expansion        .       .       .       .       i       .       •  12  946 

Hence,  if  on  adding  nitric  acid  to  potassium  dichloracetate 
the  latter  were  completely  converted  into  nitrate,  the  volume 
would  increase  by  20-046-12.946  =  7-100  fe.c.  Actually, 
the  following  numbers  are  found  :  — 

2  kg.  solution  containing  i  gm.  mol.  CHCI.2COOK  occupy  1910-991  c.c. 
I  k.  „  HNO3  „  966-623 

Sum       .       2877-614  ,, 
Volume  after  mixing        .....       2883-275  ,, 

Expansion         .......  5-661  ,, 

Hence  we  may  conclude  that  5-6Gl-i-7-100  =  0-80  of  the 
dichloracetate  is  decomposed,  and  the  relative  avidity  is 

HNO3 :  CHCl^COOH  =  0-80  :  0-20  =  4:1. 

Measurements  of  avidity  can  be  made  in  a  similar  manner 
with  the  aid  of  any  appropriate  physical  constant.  A  good 
example  is  to  be  found  in  the  measurements  of  Jellet^  on 
the  partition  of  hydrochloric  acid  between  alkaloids  made 
long  before  the  electrolytic  dissociation  theory  was  suggested. 
The  alkaloids  used  were  quiliine,  codein,  and  brucine,  and 
the  measurements  were  made  by  means  of  the  angle  of 


*  J.  f.  prakt.  Chem.  18.  340. 

*  Jellet,  Trans.  Irish  Acad.  25.  37:  (1875'. 
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rotation  of  polarized  light.  The  reaction  constant  in  the 
equation 

Quinine  +  Codein  HCl      Codein  +  Quinine  HCl 

was  found  to  be  2-03,  i.  e.  quinine  and  codein,  in  equivalent 
proportions,  would  share  HCl  between  them  in  the  ratio 

\/2-03  :  1.  Similarly  the  reaction  constant  between  codein 
and  brucine  was  1-58,  and  between  brucine  and  quinine  0-32  ; 
the  product  of  the  three  2-03  x  1-58  x  0-32  =  1-026  or  ap- 
proximately unity.  This  is  in  agreement  with  the  view 
that  the  reaction  constant  is  the  ratio  between  the  dis- 
sociation constants  of  the  two  bases,  for  calling  the  dissocia- 
tion constants  Kch,  -^cod,  ^Bi  respectively,  it  is  obvious  that 
the  product 


Double  decompositions  between  salts,  acids  and  bases,  may 
also  be  studied  with  the  aid  of  knowledge  of  their  degree  of 
dissociation,  and  important  conclusions  arrived  at.  The 
theorems  involved  are,  however,  more  elaborate,  and  will  not 
be  discussed  here  ;  a  full  account  of  the  subject  is  to  be  found 
in  the  writings  of  van 't  Hoff  ^  It  may  be  remarked  that 
according  to  the  dissociation  theory  the  neutralization  of  an 
acid  by  a  base  consists  essentially  in  the  formation  of  water 
from  its  ions.  When  acid  and  base  are  '  strong,'  i.  e.  highly 
dissociated,  nothing  else  occurs.  Thus,  e.  g.,  the  reaction  of 
nitric  acid  with  soda  is 


the  Na  and  NO,,  being  in  the  ionic  state  both  before  and 
after  the  reaction,  so  that  the  change  is  in  reality  onlj^  that 
expressed  by  OH'-f  H'  =  H,0. 

The  reaction  of  any  strong  acid  with  any  strong  base  is 


X      —  X  — -  = 


Na-+0H'  +  H"  +  N0'3=  Na'  +  NO'g  +  H.O, 


'  Lectures  on  Theoretical  Chemistry :  Lectures  on  Double  Salts. 
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therefore  essentially  the  same  process.  This  view  is  con- 
firmed by  experience,  sine  >  the  heat  liberated  on  neutralization 
is  the  same  for  all  strong  acids  and  bases  (cf.  chap.  vi). 
When  either  acid  or  base  is  weak  the  process  is  more 
complex,  for  the  acid  or  base  is  but  slightly  dissociated, 
while  the  salt  is  nearly  completely  so  ;  e.g.  the  neutralization 
of  ammonia  by  acetic  acid  may  be  written 

NH.OH  +  CH3COOH  =  NH\  +  CH.COO'  +  H,0. 
Thus  in  addition  to  the  formation  of  water  from  its  ions,  the 
previous  dissociation  of  the  ammonia  and  acid  is  implied. 

§  5.    Dissociation  of  Water. 

Water  itself  is  dissociated,  to  a  small  but  appreciable 
extent,  into  the  positive  and  negative  ions,  hydrogen  and 
hydroxyl.  This  is  evidenced  by  the  conductivity  which 
even  the  purest  obtainable  water  possesses.  Water  very 
carefully  purified,  and  freed  from  dissolved  carbon  dioxide 
and  ammonia,  has  a  conductivity  of  0  04x  10"^  mhos, 
according  to  Kohlrausch  \  This  number,  with  the  aid  of 
the  ionic  velocities  of  H  and  OH,  gives  1-07  x  10"^°  as  its 
degree  of  dissociation,  i.  e.  1-07  x  10~'°  gm.  molecules  exist 
in  the  ionic  state,  in  every  c.c.  of  water.  Several  important 
conclusions  may  be  drawn  from  this  as  to  the  part  played 
by  water  in  certain  reactions.  Thus  salts  of  weak  acids 
and  bases  are  to  some  extent  dissociated  liyclrolytically,  i.  e. 
by  the  action  of  water  itself  as  a  very  weak  acid,  or  very 
weak  base  (vid.  inf.).  Arrhenius'^  found  in  that  way 
1-1  x  10"'°  as  the  degree  of  dissociation.  Wys  ^  has  in 
a  similar  manner  calculated  the  degree  of  dissociation  of 
water  from  the  rate  of  esterification  it  produces,  and  finds 
1-2x10-"';  and  Ostwald'  obtained  1  x  10-i°  at  25°  as  the 

'  Kohlrausch  and  Heydweiller,  Ostw.  14.  317. 
■■'  Arrhenius,  Ostw.  11.  827. 

^  Wys,  Ostw.  11.  492  ;  12.  514 :  Van  Laar,  1.  c,  13.  736. 
*  Oatwald,  Ostw.  11.  521  ;  Bredig,  I.e.,  11.  829. 
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value  of  the  same  constant  by  reasoning  based  on  the 
electromotive  force  of  a  gas  battery  (chap.  vii).  The 
remarkable  agreement  of  these  numbers,  all  obtained  by 
different  methods,  and  referring  to  a  phenomenon  so  much 
the  reverse  of  obvious,  must  be  regarded  as  a  very  strong 
argument  for  the  correctness  of  the  electrolytic  dissociation 
theory,  on  which  they  arfe  all  based. 


§  6.  Hydrolysis. 

Water  is  capable  of  kcting  either  as  a  weak  acid,  or 
a  weak  base.  E.  g.  suppose  hydrochloric  acid  be  added  to 
neutralize  a  very  weak  base,  such  as  urea,  in  aqueous 
solution :  then  the  acid  will  divide  itself  between  the  urea 
and  the  water,  just  as  it  might  divide  between  two  other 
bases  of  comparable  strength,  such  as  ammonia  and 
methylamine.  "Writing  M  for  the  base,  we  have  to  do 
with  the  reaction 

MCI  +  H,0  ^  HCl  +  MOH, 

or  in  terms  of  the  electrolytic  theory,  if  the  salt  be  nearly 
completely  dissociated,  but  the  weak  base  hardly  at  all, 

M'  +  Cr  +  H^O  ^  H"  +  Cr  +  MOH, 
or  simply  M' +H,O^H' +  MOH. 

Applying  the  law  of  mass  action  to  this  case,  we  have 

C'h  X  Cmoh  , 
 =  const,, 

the  factor  CH2O  being  left  out  of  the  equation,  since  water 
is  present  in  practically  unlimited  quantity  and  its  con- 
centration may  therefore  be  regarded  as  constant.  This 
conclusion  was  verified  experimentally  by  Walker,  who 
treated  normal  hydrochloric  acid  with  varying  amounts 
of  urea,  and  determined  the  quantity  of  hydrogen  ions 
remaining  in  solution  by  the  rate  of  inversion  of  cane- 


sugar. 


CHEMICAL  DYNAMICS  OF  HOMOGENEOUS  SYSTEMS  173 


We  may,  however,  learn  more  by  taking  the  dissociation 
of  water  explicitly  into  account.  That  dissociation  is  ex- 
pressed by  H2  0  ^  H'  +  OH', 

and  accordingly  should  be  calculable  by  means  of  an 
equation  X  Con  ^  ^ 

CHaO  ' 

in  which  K  is  the  dissociation  constant  of  water.  If,  as 
in  the  section  on  avidity,  we  compare  this  formula  with  the 
corresponding  one  for  a  weak  base 

OmX  Cqh 

C'moh 
we  get 

C'h  X  CjioH      K        Ch  X  Cmoh  "  K 

identical  with  the  equation  previously  found  for  hydrolysis, 
only  that  we  now  have  the  means  of  calculating  the 
reaction  constant. 

Precisely  similar  relations  hold  in  the  case  of  a  salt 
formed  by  a  strong  base  and  a  weak  acid  (ZH),  leading 
to  the  result  that 

CoH  X  CzH  _   K  ^ 

— ^^~Gi          ~  X  O  HaC 

where  K"  is  the  dissociation  constant  of  the  acid.  It  is 
in  this  way  that  the  value  of  K  has  been  calculated  from 
experimental  data  by  Shields\  Thus  a  0-0952  normal 
solution  of  sodium  acetate  is  hydrolyzed  to  the  extent  of 
0-008  per  cent,  at  24°.2,  so  that 

CoH  =  C'cHaOOOH  =  0-00008  X  0-0000952  (gm.  mol./c.c), 

CcHaCoo  =  (1-0-00008)  X  0-0000952. 

To  be  quite  systematic,  the  concentration  of  water  ought 
to  be  taken  as  xV  (gm.  mol.  per  c.c),  l^ut  it  is  usually  taken 

'  Ostw.  12. 184. 
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as  unity,  or  in  other  words,  ignored  altogether,  in  the 
equation  of  Guldberg  and  Waage's  law.  Accordingly  the 
reaction  constant  for  hydrolysis  of  sodium  acetate  is 

=  0.61x10-  =  ^,. 
oz  K 

But  K'\  the  dissociation  constant  of  acetic  acid  at 
25°  =1-81  X  10-^,  whence 

Z  =  M  X  10--°. 

Now,  since  6'h  =  Con  and  Gb..jP  is  assumed  to  be  unity, 
it  follows  that  VK=  1-05  x10~"  is  the  concentration  of 
the  hydrogen  or  hydroxyl  ions  in  pure  water  at  25°. 

The  phenomenon  of  hydrolysis  is  more  marked  when 
acid  and  base  forming  the  salt  to  be  hydrolyzed  are  both 
weak,  but  in  that  case  a  different  equation  holds  good. 
Here  we  must  assume  that  both  acid  and  base  are  but 
slightly  dissociated,  while  the  salt  is  nearly  completely  so. 
We  get  accordingly  the  reaction 

mz+H2  0:;:!:moh+zh 

practically  in  the  form 

M"  +  Z'  +  H,0  ^  MOH  +  ZH, 
and  the  law  of  mass  action  is  expressed  by 
Cmoh  X  Czh     C'moh  x  Czh 


=  const. 


So  that  if  the  total  concentration  of  each  reagent  is  doubled, 
the  numerator  and  denominator  of  the  fraction  are  each 
quadrupled,  and  equilibrium  still  holds :  or,  in  other  words, 
the  degree  of  hydrolysis  is  independent  of  the  concentration. 
This  conclusion  is  approximately  confirmed  by  the  experi- 
ments of  Arrhenius  and  Walker  on  the  hydrolysis  of 
aniline  acetate  \ 


1  Oskv.  5.  i8. 
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§  7.    Influence  of  Temperature  on  Equilibrium. 

Since  the  state  of  equilibrium  existing  at  any  one 
temperature  can  be  expressed  by  a  single  quantity — the 
reaction  constant— the  effect  of  change  of  temperature  can 
only  be  to  change  the  value  of  that  quantity.  The  problem 
then  is  to  find  the  variation  of  the  reaction  constant — K — 
with  temperature  ;  the  variation  is,  as  shown  at  the  end 
of  the  last  chapter,  intimately  connected  with  the  heat  of 
reaction.  The  connexion  will  be  dealt  with  in  detail  in 
chap,  vi ;  here  we  may  be  content  with  some  experimental 
data,  and  with  such  light  as  reasoning  based  on  the  kinetic 
theory  throws  on  them. 

Equilibrium  in  a  dissociating  gas  is  regarded  as  being 
the  result  of  two  processes:  the  decomposition  of  some 
molecules,  and  the  recombination  of  the  dissociated  parts. 
The  former  may  be,  and  probably  is,  in  most  cases  a 
spontaneous  breaking  up  of  a  molecule  in  consequence  of  the 
relative  motion  of  the  atoms  composing  it,  although  in  some 
cases  the  breaking  up  may  be  brought  about  by  collision  with 
another  molecule.  But  the  reserve  process  can,  obviously, 
only  take  place  when  the  combining  parts  come  within 
one  another's  range  of  action.  Now  rise  of  temperature 
means  increased  average  velocity  of  the  molecules,  and 
since  by  repeated  collisions  a  repeated  interchange  occurs 
between  the  various  forms  of  energy  in  the  molecule,  the 
relative  velocities  of  its  parts  will  be  increased  too,  so  that 
there  will  be  a  greater  chance  of  the  attractive  forces 
between  the  atoms  being  overcome,  and  the  molecule  flying 
to  pieces.  On  the  other  hand,  there  will  be  an  increased 
number  of  collisions  between  the  dissociated  parts  of 
the  molecules,  offering  opportunities  for  recombination; 
but  this  will  be  compensated  by  the  fact  that,  as  the 
colliding  parts  are  moving  more  rapidly,  they  are  more 
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likely  to  fly  past  one  another's  range  of  action,  and  so  avoid 
recombination. 

Thus,  on  the  whole,  the  effect  of  rise  of  temperature  is 
to  increase  the  degree  of  dissqciation.  This  is  regularly 
observed  to  be  the  case.  Thus  the  table  quoted  on  p.  50 
shoves  that  at  21-5°  N2  0,  is  only  dissociated  to  the  extent 
y  =  0-174  at  a  pressure  approaching  that  of  the  atmosphere : 
but  at  130°  under  atmospheric  pressure  the  density  of  the 
gas  is  that  of  NO2,  showing  that  the  dissociation  is  practi- 
cally complete.  Two  observations  of  Deville  and  Troost 
on  the  same  gas  at  atmospheric  pressure  give 

Specific  gravity.  "-^  ^^^^ociation. 

7 

26  7^  C.  2.65  0-1996 

IT  1-3''  1-65  09267 

Again,  sulphur  vapour  is  progressively  dissociated  on 
rise  of  temperature.  The  phenornenon  here  is  not  so 
simple,  and  it  has  been  suggested'  that  three  kinds  of 
molecules  occur  in  the  vapour— Sg,  S„,  and  S^,  and  that 
the  dissociation  takes  place  in  two  stages, 

83:^86  +  82  and  8^:^382. 

Several  gases  have  been  observed  to  dissociate  slightly 
when  heated  to  high  temperatures,  the  most  noteworthy 
instances  being  (1)  iodine  vapour,  which  consists  of  diatomic 
molecules  at  low  temperatures,  but  monatomic  at  high  ; 
(2)  carbon  dioxide  breaking  up  into  carbon  monoxide  and 
oxygen ;  (3)  steam,  which  dissociates  into  oxygen  and 
hydrogen.  These  gases  are  quite  stable  at  moderate  tempera- 
tures, and  only  dissociate  appreciably  when  near  the  highest 
temperatures  practically  attainable,  but  it  is  to  be  presumed 
that  if  they  could  be  heated  sufficiently  they  would  be 
decomposed  completely,  like  nitrogen  tetroxide.  The  cases 
of  steam  and  carbon  dioxide  are,  however,  possibly  not 


*  Kiecke,  Ostw.  6.  430. 
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strict  dissociations  ;  thus  the  reaction  in  the  case  of  steam 
may  require  the  interaction  of  two  molecules,  as 


or  it  may  take  place  by  the  spontaneous  breaking  up  of 
one  molecule,  tt  q  _^  H  4-  O 


with  subsequent  combination  of  two  oxygen  atoms  to  form 
a  molecule.  In  either  case  the  reaction  is  not  so  simple 
as  in  dissociation  proper,  and  the  argument  given  above 
as  to  effect  of  temperature  cannot  be  applied  with  certainty. 
If  now  we  proceed  to  a  case  in  which  undoubtedly  two 
molecules  are  involved,  the  reaction 


it  is  impossible  to  say  beforehand  whether  rise  of  tempera- 
ture will  favour  the  decomposition  or  the  formation  of 
hydriodic  acid.    Experiment  shows  that  ^ 


i.  e.  rise  of  temperature  favours  decomposition,  but  only 
to  a  small  extent. 

In  solutions  no  general  rule  can  be  given,  for  the  degree 
of  dissociation  sometimes  increases,  sometimes  decreases 
with  rise  of  temperature — doubtless  the  interaction  between 
solvent  and  dissolved  substance  prevents  the  possibility 
of  applying  simple  kinetic  reasoning.  Examples  of  this 
will  be  considered  in  chap,  vi  in  connexion  with  the  quantity 
of  heat  evolved  in  dissociation. 

The  same  may  be  said  of  reactions  between  liquids  other 
than  solutions :  amongst  the  best  known  of  such  reactions 
LS  the  formation  and  decomposition  of  ethyl  acetate  (p.  163). 
The  reaction  constant  here  is  =  4  not  only  at  atmospheric 
temperature,  but  without  appreciable  change  up  to  220°. 
But  no  general  rule  can  be  given,  for  some  reactions  proceed 
further,  some  less  far,  on  rise  of  temperature. 


2H,0^2H2  +  0, 


2' 


2HI  =  H2  +  I, 


Fraction  of  HI  decomposed  at  350° 


'■  Bodenstein,  Osiw.  22.  16. 
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§  8.    Velocity  of  Reaction. 

For  the  study  of  velocity  of  reaction  in  homogeneous 
systems,  the  same  methods  are  available  as  for  determi- 
nation of  equilibrium  ;  but  with  the  difference  that  attention 
must  be  paid  to  the  time  during  which  the  materials  are 
left  in  contact.  The  problem  is,  however,  in  most  cases 
complicated,  not  only  by  reversibility  of  the  reaction  itself, 
but  by  secondary  reactions  that  may  set  in,  due  to  the  new 
products  formed,  and  in  some  cases  to  action  of  the  walls 
of  the  reaction  vessel,  or  of  the  solvent.  Hence  the  com- 
paratively limited  number  of  cases  in  which  it  has  been 
found  possible  to  trace  clearly  the  mechanism  of  the  pro- 
cess. In  the  sense  of  the  law  of  mass  action,  the  '  velocity ' 
of  a  combination  between  va  molecules  of  a  substance  A, 
I'B  of  B,  &c.,  is  given  by 

kcy.c'/..., 

where  ^  is  a  constant ;  but  in  general  the  reaction  is  reversible, 
so  that  if  M,  N,  &c.  be  the  products  foi'med,  they  at  once 
begin  to  suffer  conversion  in  the  inverse  sense  at  the  rate 

and  the  net  rate  of  conversion  is  the  difference 

a;o^  .0^  ...  — a;  o^^  .  .... 
When  this  expression  becomes  zero  in  consequence  of  the 
decrease  in  Ca,  Cb  •■•  and  increase  in  Cm,  On-..,  equilibrium 
is  reached.  In  each  of  these  expressions  the  velocity  of 
reaction  is  measured  by  the  quantity  converted  jjer  unit 
volume  and  per  unit  time,  and  the  quantity  per  unit  volume 
must  be  expressed  in  the  unit  adopted  for  G. 

In  many  cases  the  converse  reaction  practically  does  not 
take  place,  and  then  it  becomes  much  easier  to  follow  the 
course  of  the  change.  Such  cases  may  best  be  classed 
according  to  the  number  of  molecules  taking  part  in  the 
reaction ;  we  have  therefore  first  to  deal  with  the  dis- 
sociation of  a  single  molecule. 
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(a)  Monomolecular  reaction. 
Here  there  is  only  one  concentration  to  consider :  the 
velocity  is  expressed  simply  by  k  C,  and  since  the  velocity 
means  the  rate  at  vrhich  the  substance  is  dissociated,  we 
may  say  that 

— =  kC,    or  in  words 
dt  ' 

the  rate  at  which  the  dissociation  takes  place  is  constantly 
proportional  to  the  concentration  of  the  dissociating  sub- 
stance present ;  as  the  latter  falls  off  in  consequence  of  the 
progress  of  the  reaction,  the  velocity  falls  otf  too. 

An  example  of  such  a  reaction  (in  gaseous  form)  is  to  be 
found  in  the  decomposition  of  arsine.  This  takes  place 
simply  according  to  the  equation 

As  As  +  3H, 
and  the  subsequent  combination  of  the  hydrogen  atoms  to 
form  molecules  has  no  influence  on  the  primary  reaction. 
The  reaction  has  been  studied  quantitatively  ^  by  enclosing 
arsine  at  atmospheric  pressure  in  a  glass  bulb  closed  by 
a  capillary,  through  which  it  is  connected  to  a  mercury 
manometer.  The  bulb  is  heated,  e.  g.  in  a  bath  of  dipheny- 
lamine  vapour  (3 10"^),  for  several  hours,  and  as  one  molecule 
of  arsine  is  replaced  by  one  and  a  half  molecules  of  hydrogen, 
the  pressure  gradually  rises,  and  the  extent  of  decomposition 
at  any  moment  may  be  determined  by  that  means.  An 
experiment  gave  the  following  results  : — 


Tinie  in  hours. 

Pressure  (mm.). 

c. 

Co 

k. 

0 

784.84 

I- 

3 

878.50 

0-76133 

0-0908 

4 

904-05 

0.69367 

914 

5 

928-02 

0-63514 

908 

6 

949  28 

0-58097 

905 

7 

969-08 

0-53051 

904 

8 

987.19 

0-48435 

906 

*  Kooij,  van 't  Hoff,  Studies  in  Chemical  Dynamics  (1896),  p.  2. 
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The  third  cokimn  gives  the  concentration  C  of  the  arsine 
at  the  moment  of  observation,  expressed  as  a  fraction  of 
the  original  concentration  ;  the  fourth  column  gives  k  the 
velocity  constant,  the  unit  of  time  being  the  hour.  Thus 
during  the  first  three  hours  the  concentration  feU  by 
0-23867,  or  0  07956  per  hour,  but  during  that  time  its 
average  value  was 

(1  +  0-76133)  ^  2  =  0-88066. 

Hence,  as  k  is  the  ratio  between  rate  of  concentration  and 
existing  concentration, 

k  =  0-07956^0-88066  =  0-0903. 

This  reasoning  is,  however,  not  quite  exact,  since  the  con- 
centration does  not  keep  at  the  average  value  0-88066,  but 
varies  continuously.  The  numbers  in  the  last  column  of 
the  table  were  actually  obtained  by  integrating  the  differential 
dC 

equation  —  =  k  C,  which  yields 

^Oge{^)=  kt, 

whence  k  may  be  calculated.  The  statement  h  =  0-0908 
may  be  put  into  words  as  follows : — If  arsine  were  kept 
for  an  hour  at  310°,  and  the  amount  decomposed  were 
continually  replaced  by  a  fresh  supply,  so  that  its  mass 
remained  always  the  same,  then  0-0908,  i.  e.  9  08  per  cent, 
of  the  amount  originally  present,  would  be  decomposed. 

The  decomposition  of  phosphine  has  also  been  studied  by 
Kooij  with  similar  results,  so  that  it  is  to  be  regarded  as 
a  monomolecular  reaction. 

The  best  known  monomolecular  reaction  among  liquids 
is  the  inversion  of  cane-sugar,  according  to  the  equation, 

C12H22O11  +  H2O  =  2CgHj2  0e. 
A  molecule  of  cane-sugar  in  aqueous  solution  combines  with 
a  molecule  of  water  and  breaks  into  a  molecule  each  of  the 
isomers  dextrose  and  laevulose.    The  reaction  is  excessively 
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slow  in  pure  water,  but  in  presence  of  acids  becomes  mode- 
rately rapid,  and  in  any  case  it  is  practically  irreversible. 
Cane-sugar  solution  rotates  the  plane  of  polarization  of 
light  right-handedly  to  an  extent  that  is  roughly  propor- 
tional to  the  concentration,  the  mixture  of  dextrose  and 
laevulose  is  on  the  whole  laevo-rotatory ;  hence  the  progress 
of  the  reaction  can  be  followed  quantitatively  by  measure- 
ments with  the  polariscope.  Though  two  molecules  are 
involved  in  the  inversion,  one  of  them  being  water  belongs 
to  a  substance  jDresent  in  veiy  great  excess,  so  that  its 
concentration  may  be  left  out  of  account ;  we  may  therefore 
anticipate  that  the  reaction  will  follow  the  rule  for  mono- 

G 

molecular  change,  viz.  \og(^-^^  =  kt,  and  this  is  verified 

accurately  by  experiment ;  indeed  the  above  expression  was 
arrived  at  empirically  before  the  law  of  mass  action  had 
been  propounded.  Thus,  Wilhelmy  found  for  20  per  cent, 
sugar  solution  in  presence  of  half-normal  lactic  acid  at  25° 
the  following  numbers  : — 


t  (minutes). 

a  (angle  of  rotation). 

-log.-=fc. 

o 

34°5o 

1435 

3T.10 

0.0000541 

43^5 

25.00 

543 

7070 

2o.i6 

539 

1 1360 

1398 

532 

14170 

10.61 

530 

16935 

7-57 

533 

19815 

508 

528 

29925 

-  1-65 

526 

whilst  the  completely  inverted  mixture  =  00 )  gave 
a=  -10-77. 

(6)  Bimolecular  reaction. 
When  two  molecules,  A  and  B,  react  together,  and  the 
action  is  irreversible,  the   expression  IcCaCb  holds  for 
the  quantity  converted  in  unit  volume  and  unit  time;  if 
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the  two  molecules  are  of  the  same  kind,  this,  of  course, 
simplifies  to  hC'. 

[Calling  the  original  concentrations  C'.i^,  Ci>^,  and  the 
amount  of  either  consumed  per  unit  of  volume  y  (tht^ 
'  degree  of  reaction '),  we  have 

Ca  =  Cjq  —  7,    Cis  =  Cjsq  —  y- 
The  velocity  of  reaction  is  represented  by  ^  j  so  that  we 
obtain  the  differential  equation 

(C*-y), 

This  may  be  solved  by  resolving  into  partial  fractions,  giving 
whence  on  integrating 

1  ..^Jh-y 


log  p~  =  kt  +  const.  ; 


Cao  —  Ghq      C/q  —  y 
but  when  ^=0,  x=0, 

so  that  ~ — ~7T~  log       =  const. 


and  finally 


But  in  the  important  particular  case  of  Ca^  —  Cdq  =  say, 
this  expression  becomes  indeterminate.    We  then  have 


whence  k=  -r^.  t-tt* 

tiG,-y)G. 

This  equation  obviously  holds  when  the  two  molecules  are 
of  the  same  kind.] 
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As  a  typical  instance  of  a  bimolecular  reaction,  we  may- 
consider  the  saponification  of  the  esters— a  reaction  that 
has  been  much  used  as  a  means  of  estimating  the  activity 
of  bases.  The  reaction  for  ethyl  acetate  and  soda  is  ex- 
pressed by  the  equation 

aH.OOCCHg-t-NaOH  =  C2H,0H  + CH3COO  Na, 

or,  in  terms  of  the  electrolytic  dissociation  theory,  since 
both  soda  and  sodium  acetate  may  be  looked  upon  as  com- 
pletely dissociated, 

C,H,00CCH3+0H'=  C^H.OH  +  CHsCOO'; 

in  either  case  bimolecular. 

The  reaction  is  a  somewhat  rapid  one,  but  it  is  possible 
to  determine  its  course  by  a  simple  titration  of  the  excess 
of  soda  remaining.  In  order  to  do  so  with  success,  the 
specimen  to  be  titrated  must  be  brought  under  the  burette 
only  a  few  seconds  before  the  moment  at  which  its  strength 
is  desired,  and  the  estimation  completed  in  the  shortest 
time  possible.  Solutions  containing  2V  gram-molecule  per 
litre  are  of  convenient  rapidity  in  action. 

The  majority  of  reactions  appear  to  be  bimoleculai",  but 
of  course  many  of  them  are  more  or  less  reversible,  and 
consequently  not  so  simple  in  their  course  as  the  above 
example.  A  few  instances  of  trimolecular  reactions  have 
been  discovered  and  followed  out  quantitatively,  but  none 
in  which  more  than  three  molecules  take  part.  This 
is  not  to  be  wondered  at  when  the  mechanism  of  the 
reaction  is  borne  in  mind.  A  trimolecular  reaction  is  one 
in  which  a  simultaneous  collision  of  three  specified  kinds 
of  molecules  is  required  to  effect  the  rearrangement  of  the 
atoms ;  such  collisions  will  clearly  be  very  much  rarer 
than  collisions  between  two  molecules,  and  accordingly  the 
materials  will  much  more  often  react  in  a  manner  that 
can  be  accomplished  by  ordinary  dual  collisions.  Simul- 
taneous collision  between  four  or  more  molecules  must  be 
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still  rarer,  so  rare,  indeed,  as  to  have  no  practical  influence 
on  the  course  of  chemical  reactions.  This  reasoning  is  the 
more  markedly  true,  the  more  dilute  the  reacting  system 
considered,  and  it  should  be  remembered  that  Guldberg 
and  Waage's  law,  whether  based  upon  thermodynamics,  or 
on  reasoning  from  the  kinetic  theory  such  as  that  used 
above,  has  only  been  proved  to  hold  for  very  dilute  systems, 
gases  or  solutions,  although  in  particular  cases  it  may  be 
true  for  greater  concentration  ;  the  assumptions  made  in 
the  kinetic  proof  are  that  the  molecules  are  so  far  apart  as 
not  to  influence  each  other  sensibly  except  during  collision, 
and  that  the  volume  actually  occupied  by  the  molecules 
may  be  neglected  by  comparison  with  the  whole  volume, 
and  experiment  shows  that  these  conditions  are  about 
satisfied  for  decinormal  solutions  and  gases  (a  gram-molecule 
of  gas  at  atmospheric  pressure  occupies  about  22  litres  ; 
hence  a  'decinormal  gas'  is  at  2-2  atmospheres  pressure 
at  0"). 

(c)  Trimolecular  reaction. 

If  one  molecule  each  of  A,  B  and  C  combine,  the  velocity 
of  reaction  is  kCA  Cjj  Cc]  if  two  molecules  of  A  combine 
with  one  of  B  the  expression  becomes  k Ca^Cb]  and  if  all 
three  molecules  are  alike,  it  reduces  to  kC^.  The  course  of 
the  reaction  may  be  calculated  in  a  way  similar  to  that 
used  for  the  bimolecular  reaction,  and  if  the  three  molecules 
are  alike,  or,  being  different,  are  present  in  equivalent 
proportions  at  the  beginning  of  the  reaction,  we  arrive  at 
the  conclusion 

1  y(2g„-y) 

where  t  is  the  time  since  the  concentration  of  each  reagent 
had  the  initial  value  C^,  and  y  is  the  extent  by  which  the 
original  concentration  of  each  has  fallen  off,  at  that  time. 
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A  reaction  of  this  kind,  studied  by  Noyes  and  Cottle  \  is  the 
reduction  of  silver  by  sodium  formate, 

2C2H3  0,Ag  +  HCO,Na 

=  2Ag+C02  +  C,H30,H  +  C,H  0,  Na. 

The  silver  and  sodium  salts  may  be  looked  upon  as  com- 
pletely dissociated,  so  that  the  above  may  be  written, 

2Ag'+HC00'=  2Ag  +  C02  +  H', 
and  subsequent  combination  of  the  hydrogen  ion  with  the 
acetyl  residue.    It  may  therefore  be  expected  to  be  trimole- 
cular,  and  so  it  was  actually  found.    A  series  of  experi- 
ments at  100°  with  decinormal  solutions  gave 


inutes). 

C. 

(trimol.). 

k  (bimol.). 

0 

o- 1 0000 

2 

•06694 

30.8 

2-57 

4 

•05334 

313 

2.19 

6 

■04684 

29-6 

1.89 

9 

.03784 

33-3 

1.83 

14 

•03235 

306 

I  61 

The  last  two  columns  give  the  values  of  Ti  calculated 
according  to  the  tri-  and  bi-molecular  formulae  respectively. 
It  is  clear  that  the  former  only  is  applicable. 

§  9.    Number  of  Reacting  Molecules. 

The  last  example  is  a  good  instance  of  the  way  in  which 
it  is  possible  to  determine  the  number  of  molecules  taking 
part  in  a  reaction.  It  often  happens,  however,  that  secondary 
influences,  such  as  the  subsidiary  reactions  of  the  products 
formed,  or  in  gases  the  influence  of  the  walls  of  the  con- 
taining vessel,  are  sufficient  to  obscure  the  somewhat  narrow 
distinction  between  mono- and  bi-moleculai*,  or  between  bi-^ 
and  tri-molecular  reaction,  when  studied  in  the  way  already 
described.  There  is  another  method  in  which  the  dis- 
tinction between  the  various  kinds  of  reaction  is  more 
marked,  viz.  that  of  comparing  the  velocity  for  dilferent 

'  Ostw.  27.  579. 
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degrees  of  concentration.  In  a  monomolecular  reaction 
the  velocity  is  proportional  to  the  concentration,  velocity 
being  measured  by  rate  of  decrease  of  the  concentration 
itself;  hence,  if  the  volume  in  which  a  certain  mass  of 
reagent  occurs  is  doubled,  the  'velocity  of  reaction'  is 
halved,  but  the  total  amount  of  reagent  converted  remains 
the  same  as  before  ;  in  other  words,  the  fraction  of  the 
whole  mass  converted  in  a  second  is  independent  of  the 
density  of  the  reacting  substance.  In  a  bimolecular 
reaction  the  velocity  is  proportional  to  the  product  of  two 
concentrations,  or  to  the  square  of  one  ;  so  that  if  the 
volume  be  doubled,  the  quantity  reacting  per  second  in 
each  cubic  centimetre  is  reduced  to  one  quarter,  and  the 
total  amount  of  reaction  is  but  half  that  occm-ring  when 
the  same  mass  of  reagent  occupies  the  smaller  space.  In 
the  same  way,  the  velocity  of  a  trimolecular  reaction  is 
proportional  to  the  cube  of  the  concentration,  and  we  may 
conclude  that  the  percentage  of  the  reagents  converted  in 
a  given  time  will  be  (1)  constant,  (2)  inversely  proportional 
to  the  volume,  (3)  inversely  proportional  to  the  volume 
squared,  according  as  the  reaction  is  mono-,  bi-,  or  tri- 
molecular. 

This  test  has  been  applied  to  the  foj-mation  of  cyamelide, 
which  is  a  polymer  of  cyanic  acid  NCOH.  The  latter  is 
a  gas,  and  gradually  suffers  transformation  into  the  solid 
cyamelide,  at  ordinary  temperatures  ;  if  its  volume  be  kept 
constant  the  pressure  gradually  falls,  and  serves  as  a  measure 
of  the  falling  concentration.  The  experiment '  was  made 
by  filling  with  cyanic  acid  a  small  bulb,  terminating  below 
in  a  tube  in  which  mercury  was  kept  at  a  constant  level. 
In  23  hours  the  pressure  fell  from  188-84  to  153-46,  or  at 
the  rate  of  1-538  per  hour.  The  bulb  terminated  above 
in  a  tap,  leading  to  an  equal-sized  vacuous  bulb  ;  this  tap 
was  now  opened  so  as  to  allow  the  gas  to  double  its  volume. 
*  Van 't  Hoif,  Studies  in  Chemical  Dynamics  (1896),  p.  108. 
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Then  in  the  course  of  20  hours  the  pressure  fell  from  79-01 
to  76-04,  or  0-1485  per  hour,  or  10-4  times  as  slowly  as 
before.  Now  the  average  pressure  in  the  first  part  of  the 
experiment  was  2-21  times  as  great  as  that  observed  after 
opening  the  tap,  so  that  if  the  reaction  were  bimolecular 
it  should  go  (2-21)^  =  4-88  times  as  slowly  after  opening 
the  tap  as  before,  but  if  trimolecular  (2-21)2=  10-7  times 
as  slowly.  The  conclusion  is  that  three  molecules  take 
part  in  the  reaction,  and  that  the  formula  of  cyamelide  is 

In  most  cases  the  molecular  formula  usually  adopted  as 
expressive  of  the  complete  effect  of  a  reaction  involves 
a  much  larger  number  of  molecules  than  that  required  to 
elfect  the  principal  reaction.  Sometimes  the  molecular 
formula  may  be  simplified,  so  as  to  correspond  to  the  real 
process,  if  the  electrolytic  dissociation  of  the  reagents  is 
taken  into  account ;  more  often,  however,  two  or  more 
reactions  occur  simultaneously,  and  the  molecular  formula 
only  gives  the  total  change,  affording  no  insight  into  the 
steins  by  which  it  is  brought  about ;  e.  g.  the  combustion  of 
phosphine  is  usually  written 

2PH3  +  40,  =  P,0,+  3H,0, 
but  it  is  not  really  hexamolecular.  Van  der  Stadt '  showed 
that  it  is  in  its  first  stage  bimolecular,  and  was  even  able 
to  obtain  the  products  of  the  primary  reaction,  meta- 
phosphorous  acid  and  hydrogen,  in  theoretical  quantities, 
proving  that  reaction  to  be 

PH,  +  02  =  POsH+H2. 
In  some  other  gaseous  reactions  the  first  stage  of  the  process 
has  been  distinguished;  e.g.  in  the  combustion  of  acetylene 
which  as  a  whole  runs 

2C2H2  +  502  =  4CO2  +  2H2O, 

'  Ostw.  12.  322. 

«  Bone  and  Cain,  J.  C.  S.  71.  26. 
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the  first  stage  is  again  bimolecular,  viz. :  — 

In  many  other  cases  the  number  of  molecules  taking  part 
in  the  primary  reaction  has  be?n  determined,  but  it  is  not 
possible  to  say  with  certainty  what  that  reaction  is. 

§  10.   Avidity  Measurements  by  means  of  Velocity 

of  Reaction. 

Several  reactions  have  been  employed  to  determine  the 
strength  or  avidity  of  acids  and  bases,  i.  e.  the  concentration 
of  the  free  hydrogen  or  hydroxyl  ions  they  contain.  This 
can  be  most  easily  and  satisfactorily  done  when  the  reaction 
is  a  catalytic  one,  taking  place  under  the  influence  of  the 
acid  or  base,  which  itself  remains  unchanged  in  quantity. 
The  most  perfect  instance  known  of  such  a  reaction  is  the 
inversion  of  cane-sugar  already  discussed.  It  is  catalytic  ; 
it  can  be  followed  by  a  simple  physical  method — that  of 
the  polarimeter— which  does  not  in  any  way  interfere  with 
the  progress  of  the  reaction  ;  and  its  velocity  is  approxi- 
mately proportional  to  the  concentration  of  the  hydrogen 
ions  producing  it.  The  proportionality  is  closest  in  the 
case  of  weak  acids  ;  it  may  be  tested  by  a  glance  at  the 
following  table,  which  shows  (1)  the  strength  of  the  acid  in 
half-normal  solution,  obtained  by  comparison  of  the  rate 
of  inversion  with  that  for  hydrochloric  acid,  the  dissocia- 
tion of  which  is  practically  complete  ;  (2)  the  degree  of 
dissociation  as  calculated  fit'om  the  electrolytic  conductivity, 
both  at  25°  from  the  measurements  of  Ostwald  : — 


Rate  of 

Degree  of 

Dissociation 

inversion. 

dissociation. 

C07istant. 

Dichloracetic  acid  . 

0-271 

0-272 

51   X  10-* 

Monochlonicetic  acid 

0-0484 

0-0542 

I -55  X  io~' 

Formic  acid     .    .  . 

0-0153 

0-0245 

0-214  X  io~° 

Acetic  acid     .    .  . 

0-0040 

0-0060 

0-018  X  10-* 

For  acids  stronger  than  dichloracetic  it  is  not  possible 
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to  state  a  dissociation  constant,  for  they  do  not  follow  the 
usual  law  of  dissociation  ;  but  for  such  acids  the  rate  of 
inversion  serves  to  indicate  the  order  of  their  strength, 
although  not  proportional  to  it;  e.g.  the  rate  of  inversion  by 
HCl  increases  more  rapidly  than  the  concentration,  although 
the  concentration  of  the  hydrogen  ions  necessarily  increases 
less  rapidly  than  the  total  concentration  of  HCl.  Some 
secondary  influence,  due  probably  to  the  negative  ion  in 
the  solution,  here  complicates  the  results. 

Another  reaction  which  has  been  employed  for  deter- 
mining the  strength  of  acids  is  the  decomposition  of  esters, 
especially  of  methyl  and  ethyl  acetates.    The  reaction,  e.g. 

CH3OOCCH3  +  H2O  =  CH.OH  +  CHgCOOH, 

is  really  a  reversible  one,  but  (p.  163)  when  one  of  the 
reagents  is  in  great  excess  the  equilibrium  is  driven  so  far 
in  the  opposite  direction  that  it  may  be  looked  upon  as 
irreversible.  Thus  if  methyl  acetate  be  taken  in  dilute 
aqueous  solution,  the  decomposition  due  to  mutual  action 
between  molecules  of  ester  and  molecules  of  water  so  far 
prevails  over  the  recombination,  that  the  rate  of  decom- 
position practically  follows  the  rule  for  a  monomolecular 
reaction.  Like  the  inversion  of  cane-sugar,  this  reaction 
only  goes  with  measurable  velocity  in  presence  of  acids, 
and  to  a  first  approximation  is  proportional  to  their 
strength,  i.  e.  to  the  concentration  of  the  hydrogen  ions 
they  contain.  The  progress  of  the  decomposition  may  be 
followed  very  easily  by  titrating  the  acetic  acid  formed. 

Another  reaction,  studied  by  Ostwald  in  connexion  with 
measurements  of  avidity,  is  the  decomposition  of  acetamide 
by  acids,  e.  g. 

CH^CONH.  +  HCl  +  H^O  =  NH.Cl-l-CHaCOOH. 

From  the  point  of  view  of  the  electrolytic  dissociation, 
theory,  this  may  be  regarded  as 

CHjCONH^-f  H,0  =  CHaCOO'  +  NH;, 
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and  subsequent  combination  of  the  acetyl  ion  with  hydrogen, 
except  when  the  solution  is  so  very  dilute  that  acetic  acid 
remains  dissociated.  The  velocity  of  the  reaction  may  most 
conveniently  be  studied  by  decomposing  the  ammonium  salt 
formed  by  means  of  sodium  hypobromite,  and  measuring 
the  nitrogen  evolved.  Here  again  the  velocity  is  not  strictly 
proportional  to  the  strength  of  the  acid  used,  on  account 
of  the  influence  of  the  neutral  salt  (NH,C1) ;  the  salt  increases 
the  activity  of  the  H-ions,  and  so  makes  strong  acids  appear 
stronger  than  they  really  are. 

There  is  no  reaction  available  for  measuring  the  strength 
of  bases  which  is  so  convenient  and  satisfactory  as  the 
inversion  of  cane-sugar  for  acids.  It  has  been  attempted 
to  use  the  conversion  of  hyoscyamine  {G-^^  'H.^.^  into  its 
isomer  atropine  ^,  since  that  is  a  process  which  takes  place 
catalytically  under  the  influence  of  hydroxyl  ions.  Both 
alkaloids  rotate  polarized  light,  but  to  a  different  extent,  so 
that  the  degree  of  conversion  can  be  easily  measured  ;  un- 
fortunately atropine  suffers  a  further  change,  decomposing 
into  tropic  acid  and  tropine,  which  complicates  the  results 
and  makes  them  of  little  value  for  estimating  the  con- 
centration of  the  hydroxyl  ions. 

The  reactions  which  have  been  successfully  used  for  the 
purpose  are  not  catalytic  ;  the  best  known  of  them  is  the 
saponification  of  esters  already  referred  to  (p.  183).  The  rate 
of  saponification  by  various  bases  has  been  determined  by 
Ostwald,  Eeicher,  and  others,  and  the  velocity  constant  of 
the  reaction  indicates  the  order  of  strength  of  the  base,  i.  e. 
the  concentration  of  the  OH-ions  in  it ;  but  in  the  case  of 
weak  bases  (ammonia,  allylamine)  the  velocity  is  far  from 
proportional  to  the  strength  of  the  base  taken  by  itself,  for 
the  neutral  salt  formed  in  the  reaction  decreases  the  degree 
of  dissociation  of  the  base  enormously  in  a  manner  precisely 
similar  to  the  effect  on  weak  acids  (p.  166)  already  discussed. 
'  Will  and  Bredig,  Ber.  21.  2777. 
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Another  reaction,  employed  by  van  't  Hoff,  is  the  de- 
composition of  sodium  monochloracetate, 

CHj CI .  COO Na  +  NaOH  =  CH^ OH  .  COO Na  +  NaCl, 
which  takes  place  under  the  influence  of  bases  with  formation 
of  sodium  glycollate. 

In  any  measurements  by  means  of  the  velocity  of  reaction 
especial  care  must  be  taken  to  maintain  constancy  of 
temperature,  since,  as  will  appear  below,  the  velocity  of 
reaction  is  influenced  enormously  by  temperature.  The 
temperature  coefiicient  of  velocity  of  reaction  is  commonly 
as  much  as  10  to  12  per  cent,  per  degree,  so  that  an  error 
of  only  one-tenth  of  a  degree  in  the  temperature  at  which 
the  reaction  is  carried  out  would  involve  an  error  of  more 
than  1  per  cent,  in  the  result  arrived  at. 

§  11.  Velocity  in  Reversible  Reactions. 

When  the  converse  of  a  reaction  takes  place  to  a  measurable 
extent,  or  in  other  words,  when  in  the  state  of  equilibrium 
the  substances  written  on  the  left  as  well  as  on  the  right 
hand  side  of  the  equation  exist  in  measurable  quantity, 
there  are  two  velocity  constants  instead  of  one  to  determine, 
and  the  problem  of  determining  them  becomes  more  com- 
plicated. Fortunately  it  is  not  necessary  in  practice  to  get 
a  general  expression  for  the  velocity  at  any  stage  of  the 
reaction.  It  is  sufficient  to  measure  (1)  the  initial  velocity 
of  reaction  when  the  first  set  of  reagents  is  mixed  to  obtain 
Zc,  and  (2)  the  initial  velocity  when  the  second  set  is  mixed 
to  obtain  /c'.    For  the  velocity  at  any  time  is  expressed  by 

(p.  1 78),  but  if  the  system  AB  ...  be  taken  to  start  with,  then 
for  some  time  the  quantity  of  MN .  . .  formed  will  be  so 
small  that  the  second  term  in  the  above  expression  may  be 
regarded  as  negligible,  and  the  reaction  may  be  treated  in 
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the  same  manner  as  an  irreversible  one,  and  k  deduced  by 
one  of  the  equations  already  given,  according  as  one,  two, 
or  three  molecules  of  the  substances  AB . .  .  react.  Similarly 
by  starting  with  MN. . .  only,  the  quantity  of  AB . . .  present 
may  for  some  time  be  neglected,  and  we  have  the  means  of 
calculating  ]c\ 

A  good  instance  of  such  a  determination  is  given  by  van 't 
Hoff  from  the  experiments  of  Knoblauch '.  The  reaction 
studied  was  the  formation  of  an  ester, 

CH3  COOH  +  C2  H,  OH  ^  CH3  COOC2  +  H,  0. 
In  the  first  place,  acetic  acid  was  dissolved  in  a  mixture 
(in  molecular  proportions)  of  alcohol  and  water,  and  HCl 
added  to  accelerate  the  reaction.  This  liquid  contained,  at 
25°,  the  temperature  at  which  the  reaction  was  carried  out, 
1  gram-molecule  of  acetic  acid,  and  12-756  gram-molecules 
of  alcohol  per  litre.  The  progress  of  the  reaction  was 
found  to  be 

Velocity  of  conversion. 

Time  {minutes).     Concentration  of  ester. 

■  It- 

o  o- 

44  01327  0-00302 

j;3  0-1628  0-00307 

62  0-1847  0-00298 

70  0-2128  0-00304 

dC 

The  mean  value  of       =  0-00303.    It  is  clear  that  during 

this  period  the  velocity  is  practically  unaffected  by  the 
products  formed  ;  we  may  therefore  set 

Velocity  =  kC acid  .  G alcohol , 

or  0-00303  =  ^x  1  x  12.756, 

whence  Jc  =  0-000238. 

In  the  second  place,  ethyl   acetate  was  dissolved  in 

a  mixture  of  alcohol  and  water,  to  which  HCl  was  added 

as  before.  The  mLxturecontained  1  gram-molecule  of  ethyl 

'  Ostw.  22.  268. 
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acetate  and  12-215  gram-molecules  of  water  in  one  litre,  and 
the  reaction  took  place  as  follows  : — 

Velocity. 

Time  (minutes).      Concentration  of  acid. 

t-  —  • 

dt 

o  o 
78  0-0777  0-000966 

86  00862  0-001003 

94  0-093  0-000989 

the  mean  value  of  the  velocity  being  0-000996.  But  in  this 
case  the  velocity  is  =  ^'Cester  •  C  water,  whence 

=  0-0000815. 

k 

The  ratio  -p-  is  therefore  2-92,  and  according  to  p.  178  this 

should  be  equal  to  K,  the  reaction  constant.  Knoblauch 
allowed  the  reaction  to  proceed  till  equilibrium  was  reached, 
and  from  the  quantities  then  present  found  K  =  2-84 
a  satisfactory  confirmation  of  the  kinetic  theory  of  reaction. 

Similarly  Bodenstein  found  for  the  decomposition  of 
hydriodic  acid  2  HI  + 

at  440°,  that  the  velocity  of  the  partial  reaction  from  left 
to  right  (decomposition)  isA'  =  0-00503,  and  for  the  reverse 
reaction  (formation  of  HI)      =  0-365,  whence 

k 

^=0-0138. 

But  measurement  of  equilibrium  gave  as  the  reaction 
constant  jK"=  0-0146  in  agreement  with  the  ratio  of  velocities. 

§  12.    Temperature  and  Velocity  of  Reaction. 

The  velocity  of  a  reaction  invariably  increases,  and  that 
very  rapidly,  as  the  temperature  rises.  The  mode  of  de- 
pendence on  temperature  is  well  illustrated  by  the  known 
phenomenon  of  the  saturation  pressure  of  an  evaporating 
liquid  :  evaporation  may  indeed  be  looked  upon  as  a  simple 
case  of  chemical  reaction  (not,  of  course,  in  a  homogeneous 
system),  1.  e.  (liquid)!^ H^O  (vapour). 
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Here  we  have  a  reversible  conversion  between  two  different 
kinds  of  molecular  arrangements ;  equilibrium  is  established 
when  the  number  of  molecules  of  water  evaporating  per 
second  is  equal  to  the  number  of  steam  molecules  condensing. 
As  the  temperature  is  raised  the  velocity  of  evaporation 
increases,  and  to  enable  the  opposite  process  to  balance  it 
the  concentration  of  the  steam  must  be  increased  (and 
therefore  its  pressure).  The  rate  of  rise  of  the  pressure 
consequently  gives  a  notion  of  the  rate  of  increase  of  the 
evaporation  process  with  rise  of  temperature,  and  to  a  first 
aj)proximation  the  pressure  is  found  to  follow  the  logarithmic 
I'ule  \ogp=a  +  hT, 

where  a  and  6  are  constants  j  oi',  in  words,  for  each  degree 
rise  in  temperature  the  pressure  is  raised  by  a  constant 
fraction  of  its  value.    E.  g.  we  find  for  water  at 

Temp.  Press,  (mm.).    Diff.  perj°  {mm.').  %  increase  per  i". 

20°  17-30 

o  o  I-IO  6-15 

21  i8-49  *^ 

22°  19-66 

23°  20-89 

The  percentage  increase  per  degree  is  here  nearly  constant ; 
more  closely  examined  it  is  found  to  fall  off  a  little  as  the 
temperature  rises.    Thus  for  a  higher  temperature  we  have 

80°  354-64  J.  65  . 

81°  369.29  ^+-^5  405 

Here,  while  the  actual  rise  of  j)ressure  per  degree  is  more 
than  tenfold  that  at  the  lower  temperature,  the  fractional 
rise  is  4  per  cent,  as  against  6  per  cent. 

Similar  relations  hold  between  velocity  of  reaction  and 
temperature.    Thus,  for  example,  the  rate  of  inversion  of 
cane-sugar  was  found,  in  one  experiment,  to  vary  as  follows  : — 
Temp.  k.  log  k.  Biff,  per  1°, 

4°o°  ^3-^  '-^^5^  0.05546 

45  139  2.1430  o.0^702 

50°  268  2.4281  °°clfio 

^  o  2  0.05200 

55  491  2.691 1 

It  will  be  noticed  that  the  small  rise  of  1 5°  in  temperature 


1. 17  6-IO 
1.23  6.06 
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.  causes  the  reaction  to  go  seven  times  as  fast,  but  that  the 
differences  in  log  k  per  degree  are  approximately  constant, 
i.  e.  the  value  of  Ic  is  increased  by  the  same  fraction  of  itself 
for  each  degree.  The  mean  difference  in  the  logarithm  is 
0-05502,  and  the  number  corresponding  to  this  1-1135  ;  this 
is  the  ratio  between  the  velocity  constant  at  i  + 1  and  that 
at  t°,  so  that  the  increase  per  degree  is  11-35  per  cent. 

Most  reactions  vary  in  velocity  from  8  to  12  per  cent,  per 
degree  ;  the  change  produced  by  100°  is  therefore  extremely 
large.  Thus  the  decomposition  of  dibromosuccinic  acid  in 
aqueous  solution, 

C.H.Br^O,  =  C.HgBrO.  +  HBr, 

occurs  more  than  3,000  times  as  rapidly  at  101^  as  at  15°. 
It  is  consequently  inevitable  that  the  number  of  reactions 
convenient  for  measurement  should  be  small,  for  in  most 
cases  the  velocity  at  such  temperatures  as  are  conveniently 
attainable  is  either  too  rapid  to  measure,  or  so  slow  that  it  is 
uncertain  whether  combination  occurs  at  all.  The  following 
table,  quoted  from  van  't  Hoff's  Lectures  on  Theoretical 
Chemistry,  summarizes  all  the  best  known  cases  : — 

Reaction. 

PH.,  =  P  +  H3  

AsHj  =  As  -f  H3  

CHaCOaC^Hs  +  NaOH    .    .  . 

CH.CONHo.Aq  

KClOa  +  FeSOi  +  HaSOi  .  .  . 
CHoClCOjNa  +  NaOH   .    .  . 

CILClCOsH  .  Aq  

C^H.BroO,  .  Aq  

CH2OHCH2C]  +  KOH  .  .  . 
CH,CHOHCH,C1  +  KOH  .  . 
(CHO2COHCH2CI  +  KOH  .  . 
rCH3)2COHC(CH3)HCU  KOH 

HPO3  Aq  

NaOCjHs  +  CHjI  

Diazoamido    into  amidoazo- 

benzene  

Inversion  of  sugar  

•COS  +  H,0  

Respiration  of  plants  .  .  . 
Action  of  enzymes  .... 

P  2 


Velocity  (time  in  minutes). 

^310 

=  o-ooooo6 

''^512  = 

0-00031 

'''256 

=  0-00035 

''^367  ~ 

0.0034 

-  2-307 

21.648 

65°  to  100° 

=  I 

ifesa  = 

7-15 

=  0-000822 

0.217 

=  0.0000222 

^130  ~ 

0-00237 

=  0-00000967 

''^101  = 

0.0318 

=  0-68 

'<^43-6  — 

5-23 

=  4-9 

'«43-0  — 

31 

''■■24 '5 

=  173 

^43-6  ' 

1 100 

'•^2 1-5 

=  193 

940 

0°  to  61° 

K 

=  000336 

^3)  — 

2.125 

=  O-OOOI 

Kb  — 

0-0042 

''25 

=  0.765 

Ka  = 

35-5 

''''16-O5 

=  0-00031 

Ko-u  = 

0-00815 

0°  to  25° 

60°  to  75° 

Rate 
increase  % 

1-  97 

2-  07 
6.51 
7.80 

9-33 
9-77 
9.81 
10.24 
11-13 
1 1 -02 
ii'Oa 
10-87 
11.61 
ia.8i 

13-28 
13.76 

13-91 
9.6 
2.n 
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The  unit  of  concentration  in  the  above  table  is  the  quantity 
expressed  in  the  formula,  in  grams,  per  litre. 

Only  two  gaseous  reactions  are  mentioned  in  the  table, 
and  their  coefiicients  are  much  smaller  than  any  of  the 
others  ;  this  no  doubt  is  largely  due  to  the  much  higher 
temperature  of  the  reaction — from  256°  to  512°  C.  Another 
gaseous  reaction  has  been  measured,  viz.  the  decomposition 
of  hydriodic  acid        2  H I  +  Ij 

For  this  Bodenstein  found 

^2g3=  0-0g942,    ^393=  0-000588,    ^^^8=  0-1059. 

From  these  numbers  the  rate  of  increase  is  calculated  to  be 
4-37  per  cent,  at  500°  and  6-56  per  cent,  at  300°  a  number 
comparable  with  reactions  of  liquids  rather  than  of  gases  \ 
It  may  be  noted  that  the  velocity  of  gaseous  reactions  is 
especially  difficult  to  measure,  for  the  reason  just  men- 
tioned ;  thus  van 't  Hoff  attempted  to  determine  the  rate 
of  combination  of  oxygen  and  hydrogen  at  440°,  but  without 
obtaining  any  results  of  value,  as  the  phenomenon  observed 
depends  largely  on  the  state  of  the  walls  of  the  vessel, 
a  new  glass  vessel  behaving  quite  differently  to  one  that 
had  been  in  use  for  some  time. 

§  13.  Explosions. 

When  a  system  capable  of  chemical  change  is  heated,  its 
behaviour  will  differ  according  as  the  change  is  accompanied 
by  an  absorption  or  evolution  of  heat :  if  the  former  be  the 
case,  the  natural  tendency  to  cooling  by  radiation,  conduction, 
&c.,  will  be  augmented  by  the  j)rogress  of  reaction  ;  the 
temperature  will  thus  be  kept  down  and  the  velocity  of 
reaction  will  not  exceed  that  proper  to  the  temperature  at 
which  the  system  is  maintained  by  the  heating  appliances 
used.    If,  on  the  other  hand,  the  reaction  is  exothermic,  i.  e. 

'  Ostw.  29,  314. 
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accompanied  by  evolution  of  heat,  we  have  to  distinguish 
two  cases  :  (1)  the  evolution  of  heat  is  not  rapid  enough  to 
supply  the  loss  by  conduction,  &c.,  then  the  temperature 
will  not  rise  indefinitely  and  the  reaction  will  proceed  quietly ; 
(2)  the  evolution  of  heat  more  than  compensates  for  the  loss, 
then  the  reaction  will  produce  rise  of  temperature,  and  the 
rise  of  temperature  increase  the  velocity  of  reaction  in- 
definitely, so  that  the  whole  mass  suffers  conversion  in 
a  very  short  time  :  this  is  known  as  an  explosion. 

The  lowest  temperature  at  which  this  occurs,  which  may 
conveniently  be  called  the  temperatm-e  of  inflammation, 
varies  considerably  according  to  the  circumstances  of  the 
reaction,  since  it  depends  on  the  rate  at  which  heat  can  be 
withdrawn  from  the  gas.  The  case  that  has  been  the  most 
studied  is  the  combination  of  oxygen  and  hydrogen  ;  the 
limit  at  which  explosion  replaces  slow  combination  has 
been  set  at  various  temperatures  from  500°  to  845^  by 
various  observers. 

Explosions  are  not,  however,  commonly  produced  by 
heating  the  entire  explosive  mixture  to  a  high  temperature. 
If  a  small  portion  of  an  explosive  mixture  be  heated,  say 
by  an  electric  spark,  to  a  temperature  sufficient  to  effect  the 
explosion,  the  reaction  may  be  propagated  to  all  parts  of 
the  mass.  This  will  be  the  case  if  the  heat  generated  by 
the  reaction  raises  the  temperature  of  the  mixture  to  some 
point  above  the  temperature  of  inflammation,  for  then  the 
reaction — complete,  and  practically  instantaneous — taking 
place  in  any  small  portion  will  heat  a  neighbouring  portion 
sufficiently  to  explode  that,  and  the  reaction  will  be  com- 
municated from  point  to  point  of  the  mixture.  We  have 
here  to  do  with  a  process  essentially  different  from  any 
hitherto  considered,  for  the  systems  so  far  considered  have 
been  uniform  in  character  throughout  the  volume  they 
occupy.  In  the  present  case  we  have  no  '  velocity  of 
reaction '  in  the  ordinary  sense  to  consider,  for  in  an  ex- 
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plosion  the  velocity  of  reaction  is  immeasurably  rapid  ;  but 
there  is  a  velocity  of  propagation  of  the  disturbance  to 
measure,  a  true  '  velocity '  in  the  ordinary  sense,  comparable 
to  the  velocity  of  propagation  of  a  wave,  and  measurable  in 
centimetres  per  second.  The  essential  condition  of  the 
process  is  that  by  some  means  a  high  temperature  should 
be  propagated  through  the  mass  of  reacting  material.  This 
may  happen  in  two  ways  :  (1)  by  conduction  of  heat ;  (2)  by 
the  heating  effect  of  a  wave  of  pressure  ;  and  we  accordingly 
get  the  two  forms  of  reaction  known  as  '  progressive  com- 
bustion '  and  '  exj)losive  wave.'  The  former  of  these  occurs 
in  the  well-known  experiment  of  filling  a  tube  with  oxygen 
and  hydrogen,  or  oxygen  and  carbon  monoxide,  and  aj^plying 
a  light  to  the  mixture.  The  reaction  is  only  slightly  ex- 
plosive, and  is  propagated  with  a  velocity  of  a  few  metres 
per  second  ;  the  process  depends  on  the  thermal  conductivity 
of  the  gas,  each  layer  being  heated  by  direct  contact  with 
the  exploded  layer  immediately  behind  it.  The  explosive 
wave,  on  the  other  hand,  can  be  set  up  in  the  same  mixture 
by  a  powerful  local  pressure,  such  as  that  due  to  the 
explosion  of  a  small  charge  of  mercuric  fulminate  ;  a  wave 
of  compression,  strictly  analogous  to  a  sound  wave,  is  set 
up  in  the  gas,  and  the  comj)ression  of  each  layer  in  turn  is 
sufficient  to  raise  it  momentarily  to  a  temperature  above 
that  necessary  for  inflammation.  Such  a  wave  is  proj)agated 
with  a  velocity  comparable  to  that  of  sound,  indeed  greater, 
on  account  of  the  high  temperature  of  the  gas,  and  has  been 
found  experimentally  to  vary  from  1,000  to  nearly  3,000 
metres  per  second.  It  differs,  too,  from  ordinary  progressive 
combustion  in  the  very  high  pressui-e  produced,  for  com- 
bination takes  place  in  layers  of  gas  already  highly  compressed 
by  the  wave,  and  the  sudden  high  temperature  may  increase 
the  local  pressure  already  existing  tenfold :  to  this  is  due 
the  shattering  effect  of  the  wave. 

When  explosion,  i.  e.  sudden  combustion,  takes  place  in 
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a  gas,  it  is  possible  to  calculate  the  'temperature  of  com- 
bustion,' i.  e.  the  temperature  to  which  the  gas  is  carried  by 
the  heat  Hberated  in  the  reaction.  Of  the  two  data  required 
for  this,  the  heat  of  reaction  may  be  measured  by  ordinary 
means  at  low  temperatures ;  the  specific  heat  of  the  gases, 
on  the  other  hand,  varies  so  considerably  with  temperature 
that  measurements  made  under  ordinary  conditions  are  of 
no  value  for  the  calculation.  Mallard  and  Le  Chatelier',  and 
Berthelot  and  Vieille-,  have  overcome  this  difficulty  by 
measuring  the  pressure  generated  in  exploding  mixtures  of 
various  compositions,  and  so  deducing  the  temperature 
which  the  gas  reaches ;  making  an  allowance  for  heat 
radiated  during  the  process,  it  is  then  possible  to  estimate 
roughly  the  specific  heat  of  the  gases  concerned.  Thus 
Mallard  and  Le  Chatelier  find  for  the  molecular  specific  heat 
at  constant  volume  of  H2,  Ng,  0^,  and  CO  up  to  2,000°,  the 
value  5  +  0-00062  t,  where  t  is  the  temperature  (Cent.)  ;  for 
CO,  the  value  is  6-3  +  0-00564  0-00000108  and  for 
H2O  5-91  +0-00376  ^  -  0-000000155  f.  With  these  num- 
bers the  temperature  of  combustion  of  mixtures  considerably 
diluted  with  non-combustible  gases  may  be  found.  Now 
when  the  temperature  of  combustion  is  so  lowered  that  it 
no  longer  exceeds  the  temperature  of  inflammation,  progres- 
sive combustion  will,  obviously,  not  occur  in  the  gas: 
Bunsen,  for  example,  found  that  an  explosive  mixture  of 
oxygen  and  hydrogen,  when  diluted  with  9-35  times  its 
volume  of  oxygen,  would  exi^lode,  but  with  10-47  it  would 
not.  Taking  the  mean  of  these  numbers  as  the  limit,  the 
temperature  of  combustion,  and  therefore  also  of  inflamma- 
tion, may  be  reckoned  as  740°. 

Comptes  rendus,  vols.  91,  93,  95. 
^  1.  c.  vols.  95,  98. 
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§  14.    False  Equilibrium. 

So  far  we  have  regarded  the  velocity  of  any  reaction  as 
increasing  in  a  continuous  manner  with  rise  of  temperature, 
the  relation  between  the  two  quantities  being  expressible 
by  a  formula  \ogk  =  a  +  hT, 

or  a  sUght  modification  of  this.  If  that  is  true,  we  may 
draw  the  important  inference  that  a  reaction  which  takes 
place  at  any  temperature  will  also  take  place  at  any  other, 
higher  or  lower,  the  velocity  merely  being  altered.  It  is  in 
fact  found  that  numerous  reactions  which  occur  rapidly  at 
high  temperatures  can  be  produced  at  lower  temperatures, 
and  it  is  not  possible  to  set  a  limit  at  which  the  reaction 
begins.  Thus  a  mixture  of  oxygen  and  hydrogen,  which  at 
a  high  temperature — say  700°  to  800° — explodes,  combines 
quietly,  but  with  easily  measurable  velocity,  at  448°  ;  it  takes 
place,  too,  to  the  extent  of  a  few  per  cent,  when  the  mixture 
is  heated  for  65  days  to  300°,  but  could  not  be  detected  at 
100°  on  heating  for  218  days  continuously'. 

The  true  equilibrium  between  oxygen,  hydrogen,  and 
steam  is  that  existing  at  very  high  temperatures,  when  the 
reversible  reaction    2  H  +  O       2  H  0 

takes  place  freely,  and  a  continual  interchange  of  atoms 
ensures  that  the  proportions  of  the  different  gases  are  such 
as  are  required  for  complete  stability  (or  such  as  give  the 
greatest  value  to  the  entropy ;  see  chap.  iii).  In  contra- 
distinction to  this  we  have  at  low  temperatures  a  state  of 
'  apparent '  or  '  false  '  equilibrium  in  a  mixture  of  oxygen 
and  hydrogen ;  for  such  a  mixture  can  be  preserved  un- 
changed for  (apparently)  any  length  of  time  :  yet  it  is  not 
in  truly  stable  equilibrium  (its  entropy  is  not  the  greatest 
possible),  and  a  trifling  occasion,  such  as  an  electric  spark, 
will  suffice  at  any  time  to  convert  the  mixture  ;  it  remains 

'  V.  Meyer  and  W.  Raum,  Ber,  28.  2804. 
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in  apparent  equilibrium  on  account  of  a  difficulty  in  passing 
from  the  less  to  the  more  stable  arrangement  of  atoms, 
comparable  to  friction  in  ordinary  dynamical  systems. 

Usually,  of  the  two  partial  reactions  which  go  to  produce 
equilibrium,  one  becomes  appreciable  at  a  lower  temperature 
than  the  other.  This  is  most  clearly  brought  out  by  the 
reseai'ches  of  Hoitsema '  on  the  reaction 

COa  +  H^^CO  +  H^O. 

At  ordinary  temperatures  there  is  apparent  equilibrium, 
both  in  a  mixture  of  carbon  dioxide  and  hydrogen  and  in 
a  mixture  of  carbon  monoxide  and  steam  ;  either  mixtuie 
may  be  kept  for  years  without  change.  The  reaction  from 
right  to  left  is  the  first  to  appear  on  rise  of  temperature :  if  a 
mixture  of  CO  and  H2O  be  passed  through  a  tube  maintained 
at  about  600°,  the  issuing  gas  contains  enough  CO^  to  render 
lime-water  milky.  On  the  other  hand,  no  action  between  CO2 
and  H,  could  be  detected  at  900°.  Between  600°  and  900°, 
then,  k'  (velocity  of  the  reaction  <— )  has  a  finite  value,  while 
k  (velocity  of  the  reaction  — >)  is  infinitesimal,  so  that  the 

k 

reaction  constant  /iT  =  —  =  0,  and  equilibrium   is  only 

reached  when  the  whole  system  is  converted  into  COj 
and  Hj.  At  higher  temperatures  k  also  comes  to  have 
a  measurable  value  :  we  have  then  reached  the  true  state 
of  equilibrium  expressed  by  the  chemical  equation.  The 
actual  proportions  of  the  gases  in  equilibrium  will  depend 
on  the  temperature,  and  some  information  on  this  point 
may  be  derived  from  explosions  of  substances  containing 
carbon,  hydrogen,  and  oxygen:  the  result  of  such  an 
explosion  is  always  to  produce  and  CO  as  well  as 
and  CO2  in  varying  quantities.  By  an  analysis  of  the 
results  Hoitsema  concludes  that  /f  =  4  somewhat  above 
2000°,  and  increases  to  a  maximum  of  6-25  at  2670°.  So  far, 


'  Ostw.  25.  686. 
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then,  the  system  CO+H2O  has  been  gaining  on  the  other 
till  the  concentration  of  these  gases  amounts  to  V K  =  2-5 
times  that  of  the  CO2  and  Hj.  In  other  words,  at  2670'' 
some  72  per  cent,  of  the  mixed  gas  consists  of  monoxide 
and  steam.  Beyond  that  temperature,  however,  the  reaction 
<—  again  increases  faster  than  the  reaction  so  that  K 
falls  off,  and  the  proportion  of  monoxide  and  steam  becomes 
smaller. 

But  although  in  many  cases  a  reaction  is  gradually 
brought  into  play  by  rise  of  temperature,  in  accordance 
with  the  explanations  given  above,  and  no  discontinuity 
occurs,  it  is  not  always  so.  E  g.  the  oxidation  of  phos- 
phorus has  been  much  studied,  with  the  result  of  showing 
that  there  is  a  sharp  limit  of  temperature  bounding  the 
regions  of  oxidation  and  of  apparent  equilibrium.  The 
limit  dejDends  on  the  pressure  of  the  oxygen:  thus  with 
oxygen  at  atmospheric  pressure  (760  mm.)  oxidation  occurs 
above  19-2°  with  fair  rapidity,  and  is  accompanied  by  phos- 
phorescence ;  below  that  temperature  it  suddenly  ceases. 
If  the  pressure  of  the  gas  be  355  mm.  the  same  pheno- 
menon is  observed  at  1-4^  (Joubert).  This  case  can  evidently 
not  be  brought  under  the  general  rules  as  to  the  influence 
of  temperature  on  velocity  of  reaction,  since  they  give  no 
suggestion  of  possible  discontinuity.  Ewan*  has  followed 
out  this  subject  quantitatively  from  a  different  point  of  view: 
a  thin  layer  of  phosphorus  was  spread  (by  melting)  over  the 
inside  of  a  glass  globe,  in  which  also  a  little  water  was 
placed.  The  globe  was  then  evacuated  and  oxj'^gen  allowed 
to  enter ;  as  the  phosphorus  oxidized,  the  pressure  of  the 
gas  fell,  so  that  by  observations  of  a  pressure  gauge  attached 
to  the  apparatus  the  velocity  of  reaction  could  be  calculated. 
This  was  found  to  be  closely  proportional  to  the  pressure 
(and  therefore  concentration)  of  the  oxygen  from  0  to 
520  mm.  (at  20^)  ;  above  this  pressure,  hoM^ever,  the  rate  of 

1  Ostw.  16.  321,  or  Phil  Mag.  (5)  38.  512. 
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reaction  rapidly  falls,  till  at  about  700  mm.  it  ceases 
altogether,  in  accordance  with  Joubert's  observations. 

§  15.    Influence  of  the  Medium  on  Velocity  of 

Reaction. 

The  velocity  of  a  reaction  is  usually  influenced  very  con- 
siderably by  the  solvent  in  which  it  is  carried  out.  The 
solvent  in  fact  usually  exercises  an  influence  on  the  state  of 
equilibrium  also  ;  this  we  shall  have  to  consider  in  detail  in 
the  following  chapter:  but  apart  from  any  effect  of  that 
kind,  the  velocities  of  the  same  reaction  in  different  solvents 
differ  to  an  extraordinary  extent.  Thus  the  combination  of 
ethyl  iodide  with  triethylamine  at  100°  was  measured  by 
Menschutkin  ^  with  some  twenty  solvents.  In  hexane  the 
velocity  was  0-00018,  in  benzyl  alcohol  0-133,  or  about  600 
times  greater.  Little  systematic  information  has  so  far  been 
obtained,  except  that  the  velocity  appears  to  be  greatest  in 
media  which  possess  the  highest  dielectric  constants ;  thus 
water  (diel.  const.  =  75),  formic  acid  (62),  methyl  alcohol 
(32-5)  appear  to  be  the  most  energetic  solvents  :  but  such 
a  rule  is  only  a  very  rough  approximation  to  the  truth,  for 
e.  g.  the  velocity  is  greater  in  benzyl  than  in  methyl  alcohol, 
though  the  former  has  a  dielectric  constant  of  10-6  only, 
and  the  order  of  effectiveness  of  solvents  is  not  the  same  for 
all  reactions. 

■  Ostw.  6.  41. 


CHAPTER  V 


CHEMICAL  DYNAMICS  OF  HETEKOGENEOUS  SYSTEMS 

§  1.    The  Phase  Rule. 

Following  out  the  definition  of  homogeneity  given  at  the 
beginning  of  the  last  chapter,  we  may  regard  as  hetero- 
geneous a  system  in  which  parts  are  distinguishable  by  their 
external  characters,  state  of  aggregation,  density,  refractive 
index,  and  so  on,  without  regard  to  chemical  composition.  If 
the  physical  properties  change  continuously,  e.  g.  in  a  system 
formed  by  salt  solution  and  water  diffusing  into  one  another, 
the  system  cannot  be  in  equilibrium  :  such  cases  we  shall 
not  have  to  consider.  But  if  the  change  be  discontinuous, 
e.  g.  from  solid  salt  to  solution,  from  solution  to  the  vapour 
above  it,  equilibrium  may  exist.  In  this  case  each  part  of 
the  heterogeneous  system  is  called  a  phase. 

Gases  can  form  only  one  phase,  since  they  are  all  in- 
definitely miscible  one  with  another.  Liquids  may  form 
one  or  more,  according  as  they  mix  completely  or  not. 
Solids  in  general  do  not  form  homogeneous  mixtures,  so 
that  each  solid  occurring  in  the  chemical  system  will  con- 
stitute a  separate  phase  ;  exceptions  to  this  rule  occur  in  the 
case  known  as  solid  solution,  i.  e.  when  two  isomorphous 
crystalline  solids  are  capable  of  crystallizing  together  in 
variable  proportions,  so  that  one  may  be  looked  upon  as 
dissolved  in  the  other. 

To  characterize  a  heterogeneous  system  we  requii-e  to 
know  also  the  number  of  its  chemical  components  ;  this 
word  is,  however,  to  be  taken  in  a  somewhat  special  sense. 
A  component  may  be  either  an  element  or  a  compound, 
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but  if  the  latter  it  must  not  suffer  decomposition  in  passing 
into  any  of  the  phases  of  the  system  ;  further,  the  number  of 
components  is  to  be  the  least  possible,  and  though  there 
may  be  several  ways  of  choosing  the  components  of  a  given 
system,  the  number  of  them  will  be  definite.    We  are  led, 
as  is  admirably  shown  by  Ostwald  {Lehrhuch  2,  ii.  477),  to 
conclude  that  the  number  of  components  maybe  determined 
by  chemical  analysis,  independently  of  any  theories  as  to  the 
constitution  of  the  substances  concerned.    It  is  only  neces- 
sary to  analyze  the  various  phases,  and  find  what  is  the  least 
number  of  component  substances  by  means  of  which  the 
observed  analytical  compositions  can  be  made  up.    E.  g. 
in  a  system  containing  ice,  water,  and  steam,  elementary 
analysis  shows  the  same  composition  in  each  of  the  three 
phases:   it  is  not  necessary  to  inquire  into  the  molecular 
weight  of  the  water,  &c.  ;  there  is  clearly  only  one  com- 
ponent.  Again,  NO^  and  NgO^  form  a  system  which,  accord- 
ing to  temperature  and  pressure,  will  contain  more  of  the 
one  or  the  other  substance,  but  there  is  only  one  comj)onent 
in  the  sense  of  the  present  chapter,  for  elementary  analysis 
always  yields  the  same  result,  14  of  N  to  32  of  0.    A  system 
containing  magnesium   sulphate    solution,  together  with 
vapour  of  water  and  any  of  the  solid  hydrates  of  the 
sulphate,  has  two  components ;  for  the  composition  of  each 
of  the  phases  can  be  stated  by  the  quantity  of  Mg  SO^  and  of 
HjO  present,  it  is  not  necessary  to  push  the  analysis  further. 
A  system  containing  the  chlorides  and  nitrates  of  potassium 
and  sodium  in  aqueous  solution  has  four  components,  viz. 
H,  0  and  three  of  the  salts  ;  for  the  total  amount  of  K,  Na, 
CI,  and  NO3  present  may  be  regarded  as  made  up  into  any 
three  of  the  four  salts.    E.  g.  suppose  there  is  more  K  than 
CI  pi-esent,  then  all  the  CI  may  be  regarded  as  forming  KCl, 
and  the  remaining  substances  will  be  KNOg  and  NaNOg ; 
the  composition  of  the  solution  can  then  be  exactly  stated 
by  the  quantities  of  those  three  salts,  without  reference  to 
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the  compound  NaCl.    This,  it  must  be  noted,  implies  nothing 

as  to  the  actual  arrangement  of  the  elements   to  form 

molecules  :  nothing,  indeed,  beyond  the  required  information 

as  to  the  analytical  composition  of  the  various  phases. 

The  number  of  phases  and  components  is  related  to  the 

number  of  degrees  of  freedom  of  the  system.  A  homogeneous 

substance,  or  phase,  is  capable  of  varying  (1)  in  pressure ; 

(2)  in  temperature  ;  (3)  in  composition.    Each  of  the  former 

affords  one  degree  of  freedom,  the  latter  one  or  more ;  if 

there  is  but  one  component  there  can  of  course  be  no  change 

in  composition,  if  there  are  two  components  one  degree  of 

freedom  arises  in  the  variable  ratio  of  the  second  component 

to  the  first,  if  three  components  then  each  of  the  other  two 

may  vary  in  its  proportion  to  the  first,  and  there  are  two 

degrees  of  freedom,  and  so  on  ;  the  freedom  of  the  system 

is  to  be  reckoned  by  the  number  of  independent  variations 

it  can  suffer  without  the  disaj)pearance  of  any  of  its  phases. 

Now  this  relation,  first  stated  by  Gibbs holds  between 

the  number  of  phases  P,  components  n,  and  degrees  of 

freedom  F —  „  „  -r. 

F=  n+2~P. 

This  is  known  as  the  phase  rule.  Expressed  in  words,  it 
states  that  the  number  of  degrees  of  freedom  of  a  chemical 
system  is  equal  to  the  number  of  components,  increased  by 
two,  and  diminished  by  the  number  of  phases.  In  illustration 
of  the  meaning,  consider  first  a  system  with  one  component 
only,  then  the  number  of  degrees  of  freedom  is  3— P.  If 
all  the  substance  is  in  one  phase  it  possesses  two  degrees 
of  freedom,  i.  e.  is  capable  of  two  independent  variations 
(within  certain  limits) ;  since  in  this  case  no  change  of  com- 
position is  possible,  the  variations  must  be  in  temperature  and 
pressure.  Accordingly  a  single  substance  such  as  water,  if 
it  occurs  exclusively  in  one  phase  —  solid,  liquid,  or  gaseous — 
may  suffer  independently  changes  of  pressure  and  temperature 
'  Trans.  Connecticut  Acad.  3.  io8  (1874). 
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(within  certain  limits,  beyond  which  conversion  into  another 
phase  takes  place).  A  mixture  of  NO^  and  N^O^  similarly, 
when  all  in  a  single  phase  (gas),  possesses  two  degrees  of 
freedom,  for  though  the  percentage  of  NO2  present  varies, 
it  only  does  so  as  a  function  of  the  pressure  and  temperature ; 
an  independent  change  in  the  percentage  unaccompanied  by 
change  of  pressure  and  temperature  is  not  possible.  If 
two  phases  occur,  say  water  and  steam,  there  remains  only 
one  degree  of  freedom.  This  is  shown  by  the  well-known 
phenomenon  of  saturation  pressure  ;  to  each  temperature 
there  corresponds  one  pressure  only  at  which  water  and 
steam  are  in  equilibrium,  and  if  the  pressure  be  increased 
the  phase  steam  disappears,  if  it  be  decreased  the  phase 
water  disappears.  Hence,  if  a  variation  be  made  in  the 
temperature  of  a  mixture  of  water  and  steam,  the  pressure 
must  vary  in  a  defined  manner  in  order  to  retain  both 
phases;  the  pressure  variation  is  not  an  independent  one, 
and  there  is  only  one  degree  of  freedom.  In  order  to  obtain 
the  three  phases,  ice,  water,  and  steam,  in  equilibrium 
together,  a  definite  condition  of  pressure  and  temperature 
must  hold,  so  that  the  system  is  capable  of  no  variation. 
We  shall  have  to  return  later  to  this  condition — the  triple 
point.  More  than  three  phases  cannot  exist  in  a  system 
with  one  component ;  of  water,  it  is  true,  only  three  phases 
are  known,  but  some  substances  possess  more,  e.  g.  suli^hur, 
which  is  known  as  vapour,  liquid,  rhombic  crystals,  and 
monosymmetric  crystals :  these  four  forms  can  under  no 
circumstances  exist  in  equilibrium  together. 

Next  consider  a  system  with  two  comj)onents,  say  NaCl 
and  HjjO,  for  which  consequently  the  degrees  of  freedom 
number  4  — P.  In  one  phase  both  components  are  known 
to  exist,  viz.  that  of  solution.  If  then  salt  solution  occurs 
by  itself  it  is  capable  of  three  independent  variations,  in 
pressure,  temperature,  and  concentration  ;  if  a  second  phase 
appears  the  variability  is  restricted  in  some  direction.  Thus 


208 


PHYSICAL  CHEMISTRY 


in  presence  of  solid  NaCl  the  concentration  of  the  solution 
must  be  that  corresponding  to  saturation  (under  the  pre- 
vailing conditions  of  pressure  and  temperature) ;  or  if  vapour 
and  solution  are  present  together  the  pressure  can  only  be 
the  saturation  pressure  (for  a  solution  of  the  given  con- 
centration and  temperature).  If  three  phases  occur,  say 
salt,  solution,  and  vapour,  there  still  remains  one  degree 
of  freedom,  for  the  temperature  may  be  changed,  and  yet 
the  system  be  in  equilibrium,  provided  the  corresponding 
changes  in  pressure  and  concentration  are  allowed  to  take 
place  ;  otherwise  one  phase  will  disappear,  i.  e.  either  all  the 
vapour  will  be  condensed,  or  all  the  salt  dissolved,  or  all 
the  solution  broken  up  into  salt  and  vapour.  To  get  four 
phases  in  equilibrium,  ice,  salt,  solution,  and  vapour,  certain 
conditions  of  temperature  pressure  and  concentration  must 
be  satisfied,  and  the  system  is  not  capable  of  variation.  If 
the  system  consists  of  more  than  two  components,  similar 
relations  may  be  found  between  the  number  of  phases  and 
the  degrees  of  freedom. 

Such  systems  may  be  conveniently  called  invariant, 
univariant,  divariant,  &c.,  according  as  they  possess  no,  one, 
two,  &c.,  degrees  of  freedom. 

It  must  be  understood  that  changes  in  the  quantity  of 
each  phase  present  do  not  come  under  the  head  of  the 
'  variations  '  to  which  the  phase  rule  refers,  for  such  changes 
in  no  case  affect  the  equilibrium.  E.  g.  ice  and  water  may 
exist  in  equilibrium  under  certain  conditions  of  temperature 
and  pressure,  whether  the  amount  of  ice  be  large  or  small 
compared  with  that  of  water  ;  we  need  therefore  pay  no 
attention  at  aU  to  the  total  mass  of  any  phase  so  long  as 
it  does  not  vanish  altogether. 
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§  2.   Transition  Point. 

From  the  preceding  illustrations  it  will  be  apparent  that 
a  system  containing  two  phases  may  be  looked  upon  as  the 
limiting  state  between  two  systems,  each  containing  one 
of  the  phases  only.    The  transition  from  one  to  the  other 
takes  place  there,  under  definite  conditions  of  temperature 
and  pressure  :  on  the  one  side  of  these  conditions,  the  phase 
A  is  more  stable  than  B ;  on  the  other  side  B  is  more 
stable  than  A  ;  only  under  the  given  conditions  do  the  two 
phases  possess  the  same  degree  of  stability,  so  that  neither 
of  them  tends  to  conversion  into  the  other.    Hence  the 
transition  state  between  two  phases  may  be  defined  as  that 
in  which  the  relative  stability  of  the  phases  is  reversed.  Similar 
relations  hold  between  systems  containing  a  larger  number 
of  phases  ;  one  with  three  phases  is  the  limit  between  two 
systems  with  two  phases  each.    Thus  the  conditions  of 
temperature  and  pressure  under  which  the  phases  A,  B, 
and  C  coexist  constitute  the  transition  between  the  systems 
AB  and  AG,  under  which  therefore  the  relative  stability 
of  B  and  G  in  presence  of  A  is  reversed.    But  also  it  may 
be  looked  upon  as  the  limit  between  the  systems  AG  and 
BG  or  between  AB  and  BG ;  hence  it  is  necessarily  the 
state  in  which  the  transition  states  between  A  and  B, 
A  and  C,  B  and  G  become  identical. 

These  relations  may  most  conveniently  be  expressed  by 
diagrams.  A  system  vnth  one  component  only  possesses 
at  most  two  degrees  of  freedom,  and  so  may  be  represented 
completely  by  a  plane  diagram,  the  two  co-ordinates  of 
which  are  usually  chosen  to  represent  pressure  and  tem- 
perature. Such  a  diagram  has  already  been  given  partly 
for  the  three  phases,  solid,  liquid,  and  vapour,  between 
which  the  well-known  physical  transitions  take  place  (Fig. 
5,  p.  40).  That  diagram  may  be  completed  by  drawing  the 
line  DE,  which  represents  the  boundary  between  solid  and 

p 


2IO 


PHYSICAL  CHEMISTRY 


liquid  as  shown  in  Fig.  24  ;  de  slopes  very  slightly  to  the 
right  upwards  in  the  case  of  benzene,  since  by  raising  the 
pressure  to  five  atmospheres  the  melting  point  is  raised 
about  0-143°  The  reversal  of  stability  is  shown  in  Fig.  5 
by  the  crossing  of  the  lines  ab  and  en  ;  the  dotted  curve  ad 
shows  the  condition  of  equilibrium  between  imdercooled 
liquid  and  vapour.  The  liquid  here  is  less  stable  than  the 
solid,  for,  possessing  a  higher  vapour  pressure  than  the  solid, 
if  both  were  placed  in  contact  with  their  vapour  the  liquid 
would  distil  over  and  condense  as  solid.    To  the  right  of  d 

the  solid  would  possess  a 
higher  vapciir  pressure  than 
the  liquid,  and  so  would 
become  the  unstable  phase  ; 
actually  it  is  so  unstable  as 
soud       I  unobtainable. 

Confining  our  attention 

^.  -     /  vapour 

to  the  stable  phases  we  see 
that  Fig.  24  consists  of  three 
areas,  edc  representing  solid 
benzene  only,  edb  liquid 
only,    BDC   vapour   only ; 


Fig.  24. 


three  lines,  de  representing  equilibrium  between  solid  and 
liquid,  DB  liquid  and  vapour,  dc  vaj)our  and  solid ;  and  one 
point,  D  representing  equilibrium  between  all  three  phases. 
The  latter  is  called  the  transition  point  of  the  system,  and  in 
this  (or  any  system  of  one  component)  is  a  triple  point. 

A  practical  distinction  of  considerable-  importance  may  be 
drawn  between  systems  that  contain  a  gaseous  phase  and 
those  that  do  not :  the  latter  are  called  condensed  systems. 
The  reason  for  the  distinction  lies  in  the  small  influence 
of  pressure  on  solids  and  liquids  :  theu'  compressibihty  is 
usually  many  thousand  times  less  than  that  of  gases  at 
atmospheric  pressure ;  e,  g.  the  elasticity  of  water  is  about 
20,000  atmospheres,  while  that  of  air  is  one  atmosphere 
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(p.  8).  Accordingly  the  changes  of  concentration  produced 
in  condensed  systems  by  variations  of  pressure  within 
ordinary  limits  may  usually  be  ignored.  One  consequence 
of  this  is  that  the  transition  state  under  atmospheric  pressure 
may  practically  be  regarded  as  a  transition  point,  and  is 
often  so  spoken  of.  Thus  in  the  example  already  given  the 
transition  from  solid  to  liquid  benzene  occurs  under  atmo- 
spheric pressure  at  5-61°,  while  the  true  transition  point 
(triple  point)  is  at  5-58°  and  36-06  mm.  pressure.  Methods 
of  observation  will  be  described  below  for  finding  the 
transition  point  of  condensed  systems,  and  mostly  with  this 
modified  meaning. 

The  problems  involved  in  the  study  of  heterogeneous 
equiHbriiun  are  thus  practically  two :  (1)  in  condensed 
systems,  to  determine  the  various  transition  temperatures, 
and  so  mark  out  the  diagram  of  the  system  into  regions 
showing  the  stability  of  the  various  phases  ;  (2)  in  un- 
condensed  systems,  in  addition  to  finding  the  transition 
temperatures  of  the  solid  and  liquid  phases,  to  determine 
the  transition  states  for  the  uncondensed  phases  (gas  and 
dilute  solution)  together  with  the  conditions  which  hold 
within  each  of  those  phases.  With  regard  to  the  later 
point,  it  is  found  that  Guldberg  and  Waage's  law  may  be 
applied  to  each  phase  of  variable  composition,  as  if  it 
constituted  a  homogeneous  system  in  itself ;  with,  however, 
a  certain  assumption  as  to  the  behaviour  of  the  condensed 
phases  in  equilibrium  with  it. 

§  3.  Delimitation  of  a  System  with  one  Component, 

Sulphur. 

The  relations  between  the  various  phases  of  sulphur  have 
been  very  completely  worked  out  by  Eeicher  ^  and  others, 
and  are  shown  graphically  in  Fig.  25.    There  are  four 

'  Van 't  Hoff,  Siudien  ilber  Chemische  Dynamik,  1896,  p.  185. 
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phases  to  consider — vapour,  liquid,  and  two  solid  crystalline 
forms,  the  rhombic  and  monosymmetric.  In  addition  to 
these,  one  or  more  forms  of  amorphous  solid  sulphur  are 
obtained  by  rapid  cooling,  but  they  do  not  appear  to  be 
stable  under  any  circumstances  at  low  temj)eratures,  so  that 
they  need  not  be  taken  into  account.  In  the  diagram 
(which  is  not  drawn  to  scale)  abc  represents  the  vapour 
pressure  curve  of  rhombic  sulphur,  cef  that  of  the  liquid; 
the  two  cut  in  c  (IH-S*^),  which  accordingly  is  the  melting 
point  of  the  rhombic  form  under  its  own  vapour  jDressure  (a 
small  fraction  of  the  atmosphere  only),  and  therefore  a  triple 

point.  BDE  is  the  vapour 
pressiu'e  curve  of  mono- 
symmetric  sulphur,  which 
melts  at  120°,  the  point 
of  intersection  with  cef 
being  e,  another  triple 
point.  But,  it  will  be 
noted,  BDE  crosses  abc  at 
B,  so  that  a  transition 
point  exists  there,  the 
rhombic  form  being  the 
more  stable  at  tempera- 
tures below  b,  the  mono- 
symmetric  above :  this  is 
also  a  triple  point  if  the 
transition  take  place  vmder  the  pressure  of  the  sulphur 
vapour  only.  All  three  transitions,  b,  c,  e,  however,  are 
most  conveniently  determined  at  atmospheric  pressure,  and 
as  the  systems  are  '  condensed '  the  error  made  in  doing 
so  is  extremely  small.  Thus  b  was  found  by  Eeicher 
by  the  dilatometric  method  (vid.  inf.)  as  95-6°,  and  it  rises 
by  about  degree  per  atmosphere.  There  is,  however, 
a  characteristic  difference  between  the  transition  at  b  and 
the  fusions  at  o  and  e  ;  in  fusion,  although  the  liquid  phase 


rhombic 


Fig.  25. 
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can  be  obtained  below  the  melting  point,  the  solid  cannot 
be  obtained  above  that  point.  The  reason  doubtless  lies  in 
the  difficulty  of  arrangement  in  formation  of  a  crystal, 
which  makes  the  transition  a  slow  one,  while  the  conversion 
into  liquid,  requiring  no  new  arrangement  of  the  molecules, 
can  take  place  as  rapidly  as  heat  can  be  supplied  to  bring 
it  about.  Transition  between  two  solid  phases  is  much 
more  opposed  by  frictional  resistance,  so  that  it  is  easily 
possible  to  preserve  rhombic  sulphur  above  95-6°  and  mono- 
symmetric  below  that  temperature  for  a  considerable  time. 
Were  this  not  the  case  the  point  c  could  not  be  determined, 
for  both  phases  there  are  unstable,  the  point  lying  entii'ely 
within  the  region  of  monosymmetric  sulphur  ;  the  rhombic 
and  liquid  forms  can  be  kept  in  equilibrium  there  long 
enough  to  determine  the  melting  point,  but  eventually  both 
would  be  converted  into  monosymmetric  crystals.  The 
triple  points  b,  c,  e,  represent  three  of  the  four  possible 
combinations  of  the  four  phases  taken  three  at  a  time  ;  there 
remains  one,  viz.  rhombic,  monosymmetric,  and  liquid. 
This  point  g  corresponds  to  the  pressure  at  which  the 
melting  point  of  the  monosymmetric  form,  shown  by  the 
line  EG,  coincides  with  the  transition  point  of  the  rhombic 
form  shown  by  bg.  Such  a  point  exists  because  the 
transition  point  is  raised  by  pressure  more  rapidly  than  the 
melting  point,  and  has  been  estimated  to  lie  at  131°  and  400 
atmospheres '  ;  at  higher  pressures  rhombic  sulphur  melts 
dii'ectly,  it  and  the  liquid  phase  being  in  stable  equilibrium 
as  shown  by  the  line  gh.  The  regions  of  the  diagram  are 
therefore  : — 

Four  areas     abgh  rhombic  crystals. 

BGE    monosymmetric  crystals. 
HGEP  liquid. 
FEBA  vapour. 
Six  lines         ab   rhombic  crystals  and  vapour. 

BG         „       and  monosymmeti-ic  ci-ystals. 
GH        ,,       crystals  and  liquid. 

'  Bakhuis  Roozeboom,  Osiw.  2.  475. 
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BE    monosymmetric  crystals  and  vapour. 
EG  „       and  liquid. 

EF    liquid  and  vapour. 
Three  points    b     rhombic  and  monosymmetric  crystals  and  vapour. 

)>  )i  „  liquid. 

E     monosymmetric  crystals,  liquid,  and  vapour. 

All  the  above  are  in  stable  equilibrium.    In  addition  there 
are  the  unstable  systems  (represented  by  dotted  lines),  of 
which  BC,  GC,  EC,  are  merely  prolongations  of  ab,  hg,  fe, 
respectively,  but  the  point  c  is  new  and  corresponds  to 
0     rhombic  crystals,  liquid,  and  vapour. 

§  4.  Delimitation  of  a  System  with  two  Components. 

A  system  with  two  components  has,  as  we  have  seen, 
three  possible  degrees  of  freedom — temperature,  pressure, 
and  concentration  ;  so  that  for  its  graphical  representation 
it  needs,  strictly,  a  figure  in  space  of  three  dimensions.  The 
'singular'  conditions  under  which  two  or  more  phases 
occur  would  then  be  shown  by  the  figure  in  question  :  the 
conditions  for  the  existence  of  two  phases  by  surfaces,  for 
three  phases  by  lines  arising  by  the  intersection  of  two  of 
the  surfaces,  and  finally  the  transition  points  in  which  four 
phases  are  in  equilibrium  by  the  points  of  the  figure  where 
three  surfaces  intersect.  Since,  however,  it  is  impracti- 
cable to  work  with  solid  models,  we  are  reduced  to  making 
use  of  diagrams  which  are  sections  or  traces  of  the  model ; 
thus  we  may  have  diagrams  in  which  {p,  T)  ov  {p,  C)  or 
{T,  G)  are  chosen  as  axes,  and  any  two  of  these  will  between 
them  suffice  to  exhibit  the  relations  of  the  various  phases. 
The  first  and  last  of  these  form  perhaps  the  most  useful 
pair  to  choose.  The  concentration  may  be  expressed  in 
various  ways  (see  p.  26),  but  most  conveniently  by  the 
number  of  grams  of  one  component  in  100  grams  of  mixture 
(or  else  by  the  number  of  mols.  in  100  mols.  of  mixture,  i.  e. 
the  molecular  percentage).  The  figures  below  Avill  serve  as 
examples  of  this  mode  of  representation. 
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We  may  divide  the  eases  to  be  considered,  for  practical 
purposes,  into  two  groups:  (1)  when  one  component  is 
practically  non-volatile  as  compared  to  the  other ;  (2)  when 
the  volatilities  of  the  two  are  comparable  in  magnitude. 
The  reason  for  the  distinction  will  be  clear  from  the 
following  considerations :  since  solids  do  not  in  general 
mix  at  all,  there  will  be  phases  of  variable  composition 
only  in  the  fluid  state,  viz,  one  gaseous  phase  and  usually 
one,  sometimes  more,  liquid.  If,  however,  one  of  the  com- 
ponents has  no  appreciable  volatility,  the  gaseous  phase  will 
consist  of  the  other  component  only,  and  the  phases  of 
variable  composition  will  be  liquid  only,  and  usually  one 
in  number  if  any :  this  makes  both  the  experimental  treat- 
ment and  the  graphical  representation  considerably  easier. 
We  shall  illustrate  both  cases  by  means  of  a  definite 
example,  treated  in  some  detail.  The  systems  that  have 
been  studied  include  in  the  first  group  the  dissociation  of 
calcium  carbonate,  of  compounds  of  ammonia  with  salts', 
e.g.  AgCl.SNHj  and  2AgC1.3NH3  or  ZnCl^-GNHg, 
ZnClj.  4NH3,  ZnCl2  2NH3  and  the  formation  and  solution 
of  hydrated  salts ;  in  the  second  group  the  dissociation  of 
NH,S,  NH.CN,  PH.Br,  NH.CO.NH^^  (in  these  cases  no 
liquid  phase  arises,  so  that  here  again  there  is  only  one 
phase  of  variable  composition) ;  further,  the  equilibrium 
between  COg  and  H2O,  SO2  and  HgO,  NH3  and  HgO,  and 
others  in  which  each  component  is  obtained  in  both  liquid 
and  gaseous  state. 

§  5.    Salt  Hydrates. 

The  formation  and  dissociation  of  hydrated  salts  con- 
stitute the  most  important  group  of  cases  in  which  only 
one  of  the  components  is  volatile,  and  a  large  mass  of  data 
exists,  with  regard  to  the  solubility,  and  vapour  pressure, 

'  Isambert,  C.  R.  66.  1259  (1868). 

*  Ibid.  92.  919 ;  94.  958  ;  96.  340,  643  ;  97.  1212. 
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and  the  transition  points  between  various  hydrates  of  the 

same  salt.    As  a  typical  instance  we  may  consider  sodium 

sulphate,  which  in  the  form  of  Glauber's  salt  has  long  been 

known  to  show  certain  remarkable  phenomena  in  solution. 

Sodium  sulphate  is  known  to  exist  in  three  crystalline  forms, 

as  anhydrous  NagSO^,  and  as  the  hydrates  NaaSO^.  ZHjO 

andNaaSO^.  lOHgO  (Glauber's  salt) :  we  have  therefore  in 

all  six  phases  to  deal  with,  viz.  in  addition  to  those  three, 

ice,  solution,  and  vapour ;  of  these,  however,  one,  '^a^  SO^ . 

7  HgO,  appears  to  be  throughout  unstable,  being  slowly 

converted  into  a  mixture  of  decahydrate  and  anhydride. 

At  ordinary  temperatures  the  decahydrate  separates  from 

solution  when  the  latter  is  saturated  ;  it  is  true  that  the 

solution  very  easily  becomes  supersaturated,  but  in  the 

presence  of  a  crystal  of  the  salt  the  exact  condition  of 

saturation  may  easily  be  obtained.      The  concentration 

of  the  saturated  solution  increases  with  rise  of  temperature 

till  above  30'.    If,  however,  the  anhydride  be  mixed  with 

water  it  is  possible  to  obtain  a  solution  containing  more 

NagSO^  than  is  in  equilibrium  with  the  decahydrate ;  this 

may  therefore  be  regarded  as  another  saturated  solution, 

and  it  may  be  kept  indefinitely  so  long  as  no  crystal  of 

decahydrate  comes  into  contact  with  it ;  it  is,  however, 

essentially  unstable,  since  the  concentration  of  the  salt  is 

more  than  enough  to  cause  the  hydrate  to  crystallize  out, 

if  only  the  opportunity  for  it  be  given.    The  concentration 

of  this  solution  saturated  with  regard  to  the  anhydride 

decreases  with  rise  of  temperature,  so  that  eventually  it 

becomes  less  than  that  of  the  other  saturated  solution. 

Loewel's '  experiments  give  the  following  values  (gms. 

NagSO^  in  100  gms.  of  solution):— 

Saturated  for  Saturated  for 

lemp.  dticahydrate.  anhydride, 

31-  84°  28.57  33-50 

32-  73°  33-67  3320 


Ann.  Chim.  Phys.  (3)  49.  50. 
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From  these  numbers  it  follows  that  32-65°  is  the  tempera- 
ture at  which  the  solubilities  of  the  two  salts  are  equal,  and 
at  which  consequently  both  can  exist  in  equilibrium  with 
the  solution  (under  one  atmosphere  pressure) ;  it  is  the 
temperature  at  which  the  relative  stability  of  the  an- 
hydride and  hydrate  is  reversed,  in  other  words  the 
transition  point,  in  the  modified  sense  applicable  to  con- 
densed systems,  for  the  reaction 

K%SO,.  lOH^O^Na^SO.-f-lOH^O. 

At  the  transition  point  not  only  the  solubilities,  but  as 
in  the  former  examples,  the  vapour  pressure,  must  be  the 
same  for  the  two  systems,  i.e.  the  Vapour  pressure  of 
the  hydrated  salt  must  become  equal  to  that  of  the  saturated 
solution  of  anhydride.  This  has  been  tested  directly  hy 
a  differential  pressure  gauge  with  the  following  results  : — 

Temp.  29°  30.83°  31-79°  32.09°  32.35°  32.5°  32-6'  33.05' 
Press,  diff.   23.8  lo-S        5.6        3.6        1.6         ?         o  o 

The  difference  of  pressure  is  expressed  in  mm.  of  oil,  and 
is  taken  between  the  slightly  effloresced  salt  (system  NagSO^ . 
10  HjO  and  Naj  SO^)  and  the  slightly  moistened  salt  (system 
Nag  SO4 . 10  H2O  and  solution).  Below  the  transition  point 
the  solution  has  the  greater  pressure  ;  above  32.6°  it  was  not 
found  possible  to  preserve  the  hydrate  from  decomposition 
(cf.  the  existence  of  undercooled  water  but  not  of  super- 
heated ice) ;  but  the  point  of  equality  of  pressure  is  found 
to  agree  with  that  of  equal  solubility. 

These  relations  are  shown  in  Fig.  26  ;  the  two  parts  of 
the  diagram  may  be  regarded  as  projections  of  the  surface 
which  represents  the  relations  between  temperature,  pressure, 
and  composition  for  sodium  sulphate.  The  lower  part 
shows  the  concentration  (per  cent,  by  weight)  as  a  function 
of  the  temperature.  AjB^Ci  is  the  saturation  curve  for  the 
decahydrate,  DjB^Ei  that  for  the  anhydrous  salt ;  b,  ,  the  inter- 
section, is  therefore  the  transition  point  (under  atmospheric 
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pressure).  The  upper  paxt  of  the  figure  shows  the  corre- 
sponding vapour  pressures,  also  as  a  function  of  the  tem- 
perature. A2B2O2  is  the  curve  for  saturated  solution  of  the 
decahydrate,  D2B2E2  for  saturated  solution  of  the  anhydrous 
salt,  vv^hile  fBj  represents  the  vapour  pressure  of  the  crystal- 
line decahydrate  itself.     It  must  be  noted  that  while  the 
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form  with  the  smaller  concentration  of  NajSO^  in  the  liquid 
phase  is  the  more  stable,  the  saturated  solution  of  that  form 
possesses  the  greater  vapour  pressure ;  hence  while  the  con- 
centration curve  for  the  stable  states,  AjEjE,,  shows  a  sharp 
bend  downwards  at  the  transition  jDoint,  the  curve  showing 
the  vapour  pressure  of  the  saturated  solution  for  the  stable 
states,  AjBjEg,  shows  a  sharp  bend  upwards  there.  This 
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result  is  general,  as  it  depends  on  the  necessary  conditions 
of  stability. 

The  heptahydrate  shows  similar  relations  to  the  anhydride, 
but  as  the  vapour  pressure  of  its  solution  is  always  less  (and 
its  solubility  greater)  than  that  of  the  decahydrate,  it  is 
throughout  unstable,  and  liable  to  decompose  into  deca- 
hydrate and  anhydride  ;  its  transition  point  is  24-2°. 

The  exact  definition  of  the  transition  point  for  the  deca- 
hydrate is  the  point  at  which  the  four  phases,  decahydrate, 
anhydride,  solution,  and  vapour,  are  in  equilibrium  ;  the 
point  is  therefore  perfectly  definite  in  pressure  and  tempera- 
ture. Moreover  the  variation  of  the  transition  temperature 
with  pressure  is  extremely  small :  for  this  reason  it  has 
been  suggested  by  Eichards^  as  a  new  'fixed  point'  in 
thermometry,  and  he  gives  as  a  preliminaiy  result  32-379° 
(on  the  hydrogen  scale)  as  the  transition  temj)erature  under 
atmospheric  pressure.  The  vapour  pi-essure  is  30-82  mm.  ; 
the  true  transition  point  (quadruple  point)  will  accordingly 
lie  slightly  below  32-379°  if  Na2SO,.10H2O  expands  on 
melting,  above  it  if  it  contracts. 

The  system  possesses  another  quadruple  point,  viz.  that  at 
which  ice  and  decahydrate  are  in  equilibrium  with  solution 
and  vapour.  When  a  salt  solution  is  cooled  it  either  (1) 
reaches  saturation  and  then  deposits  crystals  of  salt,  or  (2) 
freezes,  with  deposition  of  pure  ice.  The  latter  case  really 
means  that  the  mixture  of  salt  and  water  has  become 
saturated  with  respect  to  the  latter  substance  ;  and  the  one 
or  the  other  case  of  saturation  will  occur  according  to  the 
composition  of  the  original  solution.  In  the  first  event, 
the  fractional  amount  of  water  in  the  mixture  will  increase 
as  the  temperature  falls,  in  the  second  event  that  amount 
will  decrease ;  so  that  both  cases  tend  towards  a  limiting 
composition  at  which  ice  and  salt  crystallize  out  together. 
This  is  shown  on  the  diagram  by  the  lines  b^Aj,  separation 

*  Ostw.  20.  690. 
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of  salt  from  the  saturated  solution,  and  GjAj,  separation  of 
ice  ;  A,  is  the  point  at  which  the  whole  solution  freezes 
together,  and  is  accordingly  the  lowest  temperature  at  which 
the  Hquid  phase  can  exist  (under  atmospheric  pressure) ;  it 
is  called  the  cryohyclric  point.  There  is  really  a  cryohydric 
line,  since  pressure  produces  a  certain  change  in  the 
temperature  of  transition,  but  like  other  effects  of  pressure 
on  condensed  systems  it  is  very  slight.  The  quadruple 
point  is  the  cryohydric  point  under  the  saturation  pressure 
of  the  system. 

The  meaning  of  a  cryohydrate  may  be  further  illustrated 
by  a  case  in  which  the  two  components  do  not  differ  much 
in  melting  point :  thus,  for  mixtures  of  naphthalene  and 
paratoluidine  the  following  results  have  been  obtained  : — 

%  Naphthalene   loo      80      50      34      31      29      25      20  o 
Melting  point     79-3°  68.2°  50-3°  38.1°  29.1°  34.6^  35.3°  36.6'  38.9"^ 

It  will  be  observed  that  addition  of  either  substance  to 
the  other  lowers  its  freezing  point,  and  that  the  lowest 
temperature  (cryohydric  point)  is  29-1°,  obtained  by  a  mix- 
ture of  31  parts  naphthalene  to  69  paratoluidine. 

Many  salts  possess  more  than  one  hydrate  which  is  stable 
over  a  certain  range  of  temperature  and  pressure.  Copper 
sulphate  is  an  instance  of  this  that  has  been  well  woi-ked 
out.  Besides  the  anhydrous  salt,  crystalline  hydrates  con- 
taining one,  three,  and  five  molecules  of  water  are  known. 
Each  of  these  phases  as  well  as  the  solution  has  a  distinct 
vapour- pressiure  curve.  If  a  crystal  of  Cu  SO^ .  5  HgO  be 
taken  and  gradually  deprived  of  water,  at  first  the  system 
will  consist  of  the  pentahydrate  together  with  CUSO4 .  3  HgO. 
Of  these  two  the  pentahydrate  has  the  higher  vapour  pressure 
(the  vapour  pressure  normally  increases  with  increasing 
water  content),  so  that  as  long  as  any  of  the  pentahydrate 
remains  the  vapoiu'  pressure  is  that  of  the  pentahydrate. 
When  the  water  present  falls  below  three  molecules  to 
one  of  CuSOj,  the  pressure  suddenly  drops  to  that  of  the 
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trihydrate,  remaining  constant  again  till  the  stage  Cu  SO^ . 

H,0  is  reached.     With  complete  disappearance  of  the 

trihydrate  the  pressure  again  drops,  and  becomes  constant 

for  the  system  Cu  SO, .  H^O  +  Cu  SO,.     This  was  shown 

by  Pareau  ^  by  placing  Cu  SO, .  5  HgO  under  an  air-pump 

and  gradually  reducing  the  pressure  ;  he  found  (at  50°) : — 

Composition    CuS04.4iH20    siHjjO    2\T1^0     liH^O  ^H^O 
Pressure  46.3  47-1        29.9        29-7        4.4  mm. 

The  last  number,  saturation  pressure  of  the  monohydrate, 
is  about  -2V  that  of  water  at  the  same  temperature,  and 
serves  as  a  measure  of  the  drying  power  of  the  anhydrous 
salt ;  i.  e.  anhydrous  copper  sulphate  will  withdraw  water 
from  an  atmosphere  in  which  the  pressure  of  the  vapour  is 
more  than  2V  ^^^at  due  to  water  itself,  until  it  is  completely 
converted  into  Cu  SO, .  HgO  ;  after  that  it  loses  its  efficacy 
and  will  only  absorb  water  when  the  air  contains  more 
than  enough  to  saturate  the  trihydrate,  or  about  ^  the 
saturation  pressure  of  pm-e  water. 

The  same  principles  are  very  well  brought  out  by  an 
experiment  of  Andreae  ^  on  strontium  chloride,  which 
forms  two  hydrates  with  six  and  two  molecules  of  water 
respectively.  These  hydrates,  slightly  dessicated,  were 
placed  in  two  flasks  connected  with  one  another,  but  closed 
against  the  outside  air.  The  salts  were  found,  before  the 
experiment,  to  have  the  composition  SrCl2  5-8H20  and 
Sr  CI2 1-65  HjO  respectively,  so  that  the  former  was  a  mix- 
ture of  hexhydrate  and  dihydrate,  the  latter  of  dihydrate 
and  anhydride.  Under  these  circumstances  the  anhydride 
withdraws  water  from  the  hexhydrate  till  it  is  all  converted 
into  Sr  Clj  2  HgO,  when  equilibrium  is  reached,  for  it  could 
only  absorb  more  water  by  itself  becoming  converted  into 
the  hexhydrate.  Accordingly,  in  19  days  the  second  flask 
was  found  to  have  absorbed  0-038  gm.  of  water  from  the 
first,  and  its  contents  to  have  reached  the  composition 
^  Wied.  1.  39  (1877).  '  Osiw.  7.  241. 
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SrClo.  2-01  H^O.  In  200  days  more,  no  further  change 
occurred. 

The  first  instance  studied  of  equilibrium  of  a  binary 
system  in  which  only  one  component  is  volatile  was  the 
dissociation  of  CaCOg  on  heating.  Since  CaO  is  not  vola- 
tile, there  is  a  definite  curve  of  saturation  pressure  of  carbon 
dioxide  answering  to  the  equation  CaCOg  CaO  +  COg. 
This  has  been  determined  by  Le  Chatelier  ^  as  follows : — 

Temp.     547°     6io°     625°     740°     745°     810''     812°  865= 
Press.       27        46        56       255      289      678      763      1333  mm. 

§  6.    Observation  of  Transition  Points  in 
Condensed  Systems. 

Since  tbe  transition  point  is  the  limit  of  stability  between 
two  systems,  it  follows  that  (1)  the  proj)erties  of  the  two 
systems  must  become  identical  at  that  point ;  (2)  on  passing 
the  transition  point,  one  of  the  systems  must  (if  sufficient 
time  be  allowed)  completely  replace  the  other.  On  these 
facts  are  based  various  methods  of  observing  the  transition 
temperature,  the  chief  of  which  may  be  summarized  as 
follows  : — 

(1)  By  identity  of  properties. 

(a)  The  vapour  pressures  become  identical  (see  examples 
above). 

(&)  The  solubilities  become  identical  (see  examples  above), 
(c)  The  electromotive  force  between  the  solutions  and 
a  metal  become  identical  (see  chap.  vii). 

(2)  By  transition. 

{d)  Heat  is  always  absorbed  in  passing  from  the  system 
stable  at  low  temperature  to  that  stable  at  high  temperature. 
Hence  observations  by  a  thermometric  method. 

(e)  The  system  usually  expands  or  contracts  on  transition  ; 
hence  the  dilatometric  method. 

'  Compt.  rend.  102.  1243. 
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(/)  The  transition  can  sometimes  be  detected  by  change 
of  crystalline  form. 

(a)  Small  differences  of  vapour  pressure  may  conveniently 
be  measured  by  a  gauge  such  as  is  shown  in  the  accompany- 
ing figure  (Fig.  27).  In  the  bulbs  d  and  e  are  placed  the 
salts  or  solutions  to  be  compared,  or  if  the  absolute  vapour 
pressure  be  desired,  strong  sulphuric  acid 
may  be  placed  in  one  of  the  bulbs.  The 
gauge  is  half  filled  with  a  non-volatile 
oil,  and  is  then  laid  sideways,  so  that  the 
oil  may  flow  into  the  bulbs  a,  &,  and  the 
whole  evacuated  and  sealed  up.  It  is 
again  placed  vertically,  and  the  milli- 
metre scale  c  attached  to  it:  the  whole 
may  then  be  immersed  in  a  water  bath, 
and  raised  to  any  desired  temperature. 

(&)  Measurements  of  solubility  may  be 
made  in  two  ways:  (1)  by  saturating  the 
solution  at  a  constant  temperature,  filtering 
and  analyzing  the  solution  ;  (2)  by  weigh- 
ing out  quantities  of  solvent  and  dissolved 
body,  and  raising  the  temperature  of  the 
mixture  gradually  till  complete  solution 
occurs. 

(c)  See  chap.  vii. 

{d)  When  a  system  is  gradually  heated 
or  cooled  past  a  transition  point,  its  tem- 
perature will  remain  for  some  time  con- 
stant, and  give  an  accurate  measure  of 
the  transition  temperature.  This  fact  is  familiarly  known 
and  used  in  the  transition  ice  water,  in  which  the  tem- 
perature remains  constantly  0°  so  long  as  both  phases  are 
still  present.  The  same  is  true  of  any  similar  change,  e.  g.  in 
the  case  of  sodium  sulphate  mentioned  above.  The  constant 
temperature  is  the  more  easily  maintained,  the  more  con- 
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siderable  is  the  latent  heat  of  transition,  for  if  the  latent 
heat  be  very  small,  local  ovei-heating  or  undercooling  is  apt 
to  occur.  The  experiment  may  conveniently  be  made  in  a 
Beckmann  fi-eezing-point  apparatus  (p.  45),  and  the  following 
points  must  be  attended  to  ;  (1)  the  materials  must  be  pure  ; 
(2)  the  mixture  suffering  transition  must  be  half  fluid,  so 
that  it  can  be  well  stirred  to  prevent  local  differences  of 
temperature  ;  (3)  the  bath  should  not  be  much  above  or 
below  the  transition  temperatm-e.  The 
method  of  rising  temperature  usually  gives 
the  best  results,  as  it  avoids  the  possibility 
of  undercooling,  which  so  easily  occurs  in 
salt  solutions,  so  the  '  bath '  may  advan- 
tageously be  a  thermostat  kept  about  half 

.  .     a  degree  above  the  temperature  of  transition. 

(e)  The  thermometric  method  is  inapplic- 
^  able  to  a  transition  between  two  solid  forms 

on  account  of  the  extreme  slowness  of  the 
change.    The  dilatometric  method  has  been 
4  successfully  applied  by  Eeicher  to  the  tran- 

sition between  rhombic  and  monosymmetric 
sulphur,  and  may  be  used  whenever  there 
is  an  appreciable  change  of  volume  accom- 
panying the  conversion.  The  dilatometer 
consists  of  a  bulb  b  (Fig.  28)  about  12x1 
cm.,  ending  in  a  short  tube  c  through 
which  it  is  filled,  and  the  capillary  a.  After  the  substance 
(e.  g.  sulphur)  has  been  introduced,  c  is  sealed,  the  apparatus 
evacuated,  and  a  liquid  (paraffin)  introduced,  which  serves  as 
indicator  in  the  capillary ;  the  liquid  maybe  one  having  a  slight 
solvent  action  on  the  body  to  be  studied,  in  order  to  hasten 
the  conversion,  if  it  be  very  slow,  as  in  the  case  of  sulphur  ; 
the  filling  is  accomplished  by  the  tube  ad  connected  to  an 
air-pump,  and  containing  some  parafiin.  The  dilatometer 
is  then  sealed  up  and  placed  in  a  thermostat,  in  order  to 
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observe  whether  expansion  or  contraction  takes  place.  Thus 
in  one  of  Eeicher's  experiments  on  sulphur,  at  a  temperature 
95- r  the  paraffin  indicator  expanded  through  a  length  of 
about  10  mm.  in  an  hour,  at  96-1°  it  contracted  19  mm.  in  the 
same  time,  while  at  95-6°  no  change  could  be  detected :  the 
transition  point  is  therefore  95-6°. 

(/)  Lehmann  observed  that  when  fused  ammonium  nitrate 
is  allowed  to  solidify  it  forms  isotropic  crystals  of  the 
regular  system,  but  at  120°  these  become  doubly  refracting. 
On  further  cooling  to  87°  needle-shaped  rhombic  crystals 
appear,  similar  to  those  obtained  from  hot  alcoholic  solution  ; 
these,  again,  change  into  a  fourth  modification  on  taking  out 
into  the  air.  If  the  fourth  modification  be  heated  it  passes, 
at  36°  87°,  and  120°  through  the  same  changes  in  the 
reverse  order.    Many  similar  cases  have  been  noticed. 

§  7.    Simple  and  Mutual  Solubility. 

Before  dealing  with  the  general  case  of  a  system  with  two 
components,  in  which  more  than  one  phase  of  variable 
composition  may  occur,  it  is  necessaiy  to  consider  the 
phenomena  of  mixtures  in  the  liquid  state. 

Many,  perhaps  most,  pairs  of  liquids  mix  in  all  propor- 
tions, so  that  the  mixture  never  constitutes  more  than  one 
phase.  This  case  is  in  many  respects  comparable  with  the 
mixture  of  gases,  but  whilst  for  gases  the  properties  of  the 
mixture  never  vary  much  from  the  mean  between  those 
of  the  pure  substances,  in  liquids  the  departure  may  be 
considerable.  Certain  physical  properties,  such  as  specific 
volume,  refractivity,  have  already  been  considered  (chap,  ii), 
and  we  have  seen  that  it  is  possible  to  calculate  their  values 
for  a  mixture  from  those  of  the  components  approximately. 
The  approximation  is  a  good  one  when  the  liquids  are 
without  chemical  influence  on  one  another  (e.  g.  benzene  and 
toluene),  but  is  much  less  good  when  something  comparable 
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to  chemical  combination  takes  place  (e.  g.  sulphuric  acid  and 
water).  Similar  variations  in  the  vapour  pressure  of  the 
mixture  are  observed :  if  two  liquids  A,  B  have  vapour  pres- 
sures such  as  are  represented  by  the  heights  of  a,  b  in  Fig.  29, 
the  pressure  of  a  mixture  may  lie  between  the  two,  and 
nearly  on  the  straight  line  between  a  and  b  (carbon  tetra- 
chloride and  benzene,  curve  I),  or  it  may  show  a  maximum 
for  a  certain  percentage  composition  (propyl  alcohol  and 
water  \  curve  II),  or  a  minimum  (formic  acid  and  water, 
curve  III), 

Again,  many  liquids  mix  in  certain  limited  propor- 
tions only :  thus  water  dissolves, 
at  ordinary  temperatures,  3  or 
4  per  cent,  of  aniline,  and  ani- 
line about  as  much  of  water. 
If  the  two  substances  be  mixed 
in  more  equal  proportions  they 
will  sej)arate  into  two  liquid 
layers,  one  consisting  of  water 
saturated  with  aniline,  the  other 
of  aniline  saturated  with  water. 
On  rise  of  temperature  the  solu- 
bility of  each  substance  in  the 
other  will  usually  increase  till 
a  point  is  reached,  the  critical 
point  of  mixture,  at  which  the  two  layers  come  to  have  the 
same  composition,  and  the  whole  mixture  becomes  homo- 
geneous. This  only  happens  for  aniline  and  water  under 
pressure,  since  the  critical  temperature  is  above  100°;  in  other 
cases  the  complete  mixture  is  more  easily  brought  about  by 
heat.  E.  g.  phenol  and  water  form  a  homogeneous  mixture 
in  all  proportions  at  68°  or  any  higher  temperature ;  below 
that  point  the  mixture  separates  into  two  layers.  Mixtures 
forming  two  layers  usually  possess  a  vapour  pressure  greater 

1  Wied.  14.  34,  arg. 
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than  that  of  either  component,  but  less  than  the  sum  of  the 
two.  This  is  shown  by  line  IV  in  the  figure,  of  which  the 
curved  parts  represent  the  pressure  of  homogeneous  mix- 
tures of  vaiying  composition,  while  the  horizontal  line 
indicates  that  when  both  layers  are  present  the  vapour 
pressure  has  a  fixed  value  corresponding  to  the  fixed  com- 
position of  each  layer,  and  the  same  for  both. 

If  the  solubility  of  each  substance  in  the  other  be  reduced 
we  approach  the  limiting  case  of  complete  immiscibility, 
which  is  practically  realized  by  such  pairs  of  liquids  as 
water  and  benzene.  The  vapour  pressure  of  any  such 
mixture  is  sensibly  equal  to  the  sum  of  the  pressures  of 
the  comj)onents. 

When  a  liquid  mixture  is  cooled  sufficiently,  one  of  the 
comjjonents  crystallizes  out ;  we  have  then  the  following- 
cases  to  consider : — 

If  the  liquids  are  miscible  in  all  proportions,  as  with 
naphthalene  and  paratoluidine  (p.  220),  the  mutual  solubility 
becomes  merely  restricted  in  range:  firstly  (from  79-3°  to 
38'9°),  to  mixtures  containing  less  than  a  certain  percentage 
of  naphthalene ;  secondly  (from  38-9°  to  29-1°),  to  mixtures 
in  which  the  percentage  of  each  component  is  restricted 
within  certain  limits.  During  the  part  of  the  range  79-3°  to 
38-9°  the  mixtures  may  be  regarded  as  solutions  of  naphtha- 
lene (proportion  limited  by  the  phenomenon  of  saturation) 
in  paratoluidine  (which  may  be  added  in  indefinite  quantity 
without  solidifying) ;  we  thus  get  the  case  of  one-sided  or 
simple  solubility,  in  which  the  solvent  and  dissolved  body 
play  distinguishable  parts.  Ordinary  salt  solutions  belong- 
to  this  group  ;  the  temperature  of  the  solution  lying  below^ 
the  melting  point  of  one  component  (the  salt),  but  above 
that  of  the  other  (ice).  Usually  the  melting  point  of  the 
salt  lies  above  the  boiling  point  of  water,  but  that  makes  no 
essential  difference,  for  the  boiling  point  is  arbitrary  and 
can  be  raised  or  lowered  by  alteration  of  pressure.  Thus 
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the  melting  point  of  AgNOj  is  198°;  its  range  of  simple 
solubility  therefore  extends  from  0°  to  that  temperature 
(at  which  water  remains  liquid  if  the  pressure  be  about 
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15  atmos.).  Above  198°  water  and  silver  nitrate  are  liquids 
miscible  in  all  proportions. 

If  the  liquids  are  incompletely  miscible  the  case  is  more 
complex :  it  may  be  studied  with  the  aid  of  Fig.  30,  which 
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shows  the  behaviour  of  phenol  and  water  \  The  curve  mcn 
bounds  the  area  of  incomplete  mixture,  c  being  the  critical 
point,  above  which  complete  miscibility  occurs.  On  cooling 
from  this  temperature  (68°)  two  phases  appear,  solution  of 
phenol  in  water  and  solution  of  water  in  phenol,  till  at  40° 
separation  of  phenol  begins  (point  o) ;  below  that  point  two 
mixtures  still  exist,  one  (shown  to  the  left  of  cm)  containing 
any  proportion  of  phenol  from  zero  to  that  required  to 
saturate  (about  10  per  cent,  at  40°),  the  other  limited  in  both 
senses,  to  the  left  by  on,  formation  of  the  other  liquid 
phase,  and  to  the  right  by  on,  separation  of  solid  phenol ; 
consequently  no  simple  solution  of  water  in  phenol  can  well 
be  spoken  of  in  this  range  of  temperature.  On  cooling 
further  to  +1-5°  the  second  liquid  phase  disappears  by 
solidification,  and  we  are  left  with  only  the  solution  of 
phenol  in  water  (to  the  left  of  ms),  from  which  at  0°  ice 
begins  to  separate ;  below  0°  miscibility  exists  only  for 
proportions  limited  in  both  senses,  till  at  s  we  reach  the 
ciyohydric  point  (  -  1-0°),  at  which  the  composition  of  the 
liquid  reaches  a  definite  value  (4-83  per  cent,  phenol),  and 
then  the  mixture  solidifies  as  a  whole. 

§  8.    General  Case  of  System  of  two  Components. 

The  general  case,  in  which  there  is  more  than  one  phase 

of  variable  composition,  was  first  made  clear  by  the  remai'k- 

able  researches  of  Eoozeboom'^  on  gaseous  hydrates,  from 

which  we  may  take  as  typical  the  behaviour  of  mixtures  of 

SO2  and  HgO.  Five  phases  are  known,  viz.  gaseous  mixture, 

two  liquid  phases  (one  of  which  may  be  regarded  as  a  solution 

of  SO2  in  water,  the  other  as  a  solution  of  water  in  liquefied 

SO2),  the  solid  hydrate  SOj  •  7H2O,  and  ice.   Only  four  phases 

can  exist  in  equilibrium  together,  and  two  points  are  known 

in  each  of  which  four  phases  do  exist  (quadruple  points). 

1  Lehfeldt,  Phil  Mag.  (5)  47.  294. 
Roozeboom,  Ostw.  2.  449. 
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The  relations  are  shown  in  Fig.  31,  in  which  b  and  l  are  the 
quadruple  points.  We  may  consider  first  the  system  in  the 
neighbourhood  of  l  ;  at  that  point,  at  temperature  12.1°  and 
pressure  1770  mm.  of  mercury,  the  phases  vapour  (F),  solu- 
tion of  SO2  in  water  (i,),  of  water  in  liquid  SO2  (L^),  and 
solid  hydrate  {S)  coexist.  If  heat  be  supplied  to  the 
system,  while  the  pressure  is  kept  constant,  reaction  will 
take  j)lace  in  the  sense 


i.  e.  the  hydrate  will  liquefy,  and  as  the  liquefaction  is 


represent  the  subsequent  behaviour  of  the  system,  which 
then  consists  of  L^,  L^,  and  S.  le  is  analogous  to  an  ordmary 
vapour-pressure  curve,  and,  sloping  slightly  upwards  to  the 
right,  represents  the  increase  with  temj)erature  of  the  vapour 
pressure  of  the  liquid  when  two  layers  are  present,  lx  is 
analogous  to  the  cui've  showing  the  relation  between  pressure 
and  the  melting  point  of  a  solid  ;  it  is,  in  fact,  the  melting- 
point  curve  for  the  hydrate,  which  breaks  ui>  into  two  liquid 
layers,  and,  like  a  melting-point  curve,  rises  nearly  vertically, 


S-\-V=L,^L, 


11 


V 


Fig.  31. 


accompanied  by  expansion 
some  of  the  vapour  will 
disappear ;  this  process 
Avill  go  on  until  either  the 
solid  or  gaseous  phase  dis- 
appears, and  it  will  depend 
on  the  quantity  of  the 
components  which  disap- 
pears first.  If  the  former, 
the  system  will  proceed 
along  the  line  le,  which 
rejDresents  equilibrium  be- 
tween 7,  i] ,  and  i,  '■> 
however,  it  is  the  vapour 
that  disapi^eai's,  lx  will 
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as  pressure  has  little  influence  on  a  condensed  system.  Simi- 
larly, if  heat  be  withdrawn  from  the  system  at  l  the  above- 
mentioned  reaction  will  take  place  in  the  reverse  sense 
till  either  or  disappears  (according  to  the  quantities 
present),  and  we  get  the  curve  ld  (for  Y,  L^,  S)  or  lb  (for 
V,  ij,  S).  Thus  on  passing  the  quadruple  point  any  one  of 
the  four  phases  may  disappear,  but  on  the  other  hand,  each 
of  them  (according  to  the  quantities  present)  is  capable  of 
existing  both  above  and  below  that  temperature  ;  the  point 
is,  however,  a  transition  point  for  the  pairs  S,  V,  which  can 
only  exist  below  12-1°,  and  L^,  L^,  which  can  only  exist 
above  12-1°  In  other  cases  a  quadruple  point  may  be  the 
point  at  which  one  phase  necessarily  breaks  up  into  three 
others,  so  that  it  is  the  transition  point  for  that  single 
phase. 

The  four  curves  ending  in  l  divide  the  field  into  six  areas 
(which  partially  overlap)  corresponding  to  the  six  possible 
groups  of  two  phases.  It  will  be  seen  from  the  diagram 
that  under  some  conditions  of  temperature  and  pressure 
(area  elb)  the  system  must  consist  of  a  certain  pair  of 
phases  ;  in  another  part  (areas  xle  and  dlb)  it  will  resolve 
itself,  for  the  same  temperature  and  pressure,  into  two 
phases  in  either  of  two  ways,  according  to  the  quantities  of 
the  components,  while  in  another  part  (area  xld)  it  will 
resolve  itself  in  any  one  of  three  ways. 

Summarizing  the  results  expressed  by  the  diagram,  we 
have : — 

Six  areas  showing  the  conditions  of  temperature  and 
pressure  under  which  can  exist  each  pair  of  phases,  viz.  :  — 
within  BLE,  vapour  and  solution  of  SOg  in  HgO  ; 
above  dle,  vapour  and  solution  of  HgO  in  SOj ; 
within  DLB,  vapour  and  solid  hydrate  ; 
within  XLE,  the  two  solutions  ; 

to  the  left  of  xlb,  solution  of  SOj  in  H  O  and  solid 
hydrate ; 
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within  XLD,  solution  of         in  SOj  and  solid  hydrate. 
Four  lines  showing  the  conditions  for  simultaneous  exis- 
tence of  three  phases,  viz.  : — 

LE,  vapour  and  the  two  solutions  ; 

Lx,  the  two  solutions  and  solid  hydrates ; 

LD,  vapour,  solution  of  HjO  in  SO2,  and  solid  hydrate; 

LB,  vapour,  solution  of  SOg  in  HgO,  and  solid  hydrate. 
One  point  showing  the  conditions  for  simultaneous  exis- 
tence of  four  phases,  viz.  : — 

L,  vapour,  the  two  solutions,  and  solid  hydrate. 
Following  the  curve  lb  we  come  to  another  quadruple 
point  B  (—  2-6°  and  211  mm.)  at  which  the  phases  vapour, 
solution  of  sulphur  dioxide  in  water,  solid  hydrate,  and  ice 
are  in  equilibrimn,  and  the  field  round  it  may  be  divided 
into  lines  and  areas  in  a  very  similar  way. 

§  9.    Law  of  Mass  Action  in  Heterogeneous  Systems. 

It  has  already  been  mentioned  that  the  law  of  mass  action 
is  applicable  to  the  fluid  phases  of  a  heterogeneous  system, 
but  with  a  certain  modification,  or  rather  extension.  In 
each  of  the  '  dilute  '  phases,  i.e.  gas  or  solution,  equilibi'ium 
holds  between  the  constituents  in  the  manner  expressed  by 
Guldberg  and  Waage's  law  ;  each  phase  may  in  fact  be 
regarded  for  the  purpose  as  a  homogeneous  system,  but  the 
concentration  of  certain  constituents  is  regulated  by  the 
presence  of  the  same  substances  in  liquid  or  solid  form.  If 
a  volatile  solid  or  liquid  is  present  it  possesses  a  con- 
centration (or  effective  mass)  in  the  gaseous  phase  which 
corresponds  to  its  vapour  pressure,  and  if  a  soluble  solid 
(or  gas)  is  present  it  possesses  a  concentration  in  the  liquid 
phase  which  is  limited  in  the  same  manner  by  its  solubihty. 

Not  only  is  this  the  case,  however,  for  substances  with  an 
appreciable  volatility  or  solubility,  but  it  appears  that  all  sub- 
stances may  be  treated  as  if  they  possessed  some  volatility  and 
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solubility,  however  small.  So  that  when  a  reaction  between 
solids  and  a  gas  (or  a  liquid)  is  in  question,  it  is  really  the 
equilibrium  between  the  vapour  (or  solution)  of  the  solid 
'though  perhaps  in  immeasurably  small  quantity)  and  the 
gas  (or  liquid)  that  has  to  be  considered.  It  results  from 
this  that  in  the  equation  for  the  law  of  mass  action  the 
factors  representing  any  substance  present  in  the  solid 
state  must  be  given  a  value  which  depends  only  on  the 
temperature  (not  on  the  total  amount  present),  viz.  the 
concentration  of  the  saturated  vapour  (or  solution)  of  the  sub- 
stance in  question.  This  mode  of  treatment  has  received 
experimental  justification  in  many  cases,  and  will  become 
intelligible  by  considering  some  examples. 

The  reaction      NH, SH  ^  NH3  +  S 
is  reversible,  and  takes  place  on  sublimation  of  the  solid 
ammonium  sulphydrate.  If  we  regard  the  solid  as  volatilizing 
unchanged  and  then  dissociating  in  the  gaseous  state,  we 
are  led  to  the  equation  for  the  gaseous  phase, 

Cnhs  •  C'h2S  , 
—  =  const., 

^  NH4SH 

but  since  the  sulphydrate  vapour  is  in  presence  of  solid 
it  must  possess  a  constant  concentration,  so  that  we  may 
transfer  it  to  the  other  side  of  the  equation  and  write 

C'nhs  .  C  H2S  =  const. 
If  no  free  ammonia  or  sulphuretted  hydrogen  is  present  to 
start  with,  the  concentrations  of  the  two  gases  are  necessarily 
equal,  and  the  concentration  of  each  (and  so  its  pressure)  is 
fixed  for  any  given  temperature.  Hence,  although  two 
gases  are  formed,  the  dissociation  will  produce  a  definite 
saturation  pressure  like  a  simple  volatilization.  Thus 
Isambei-t '  found  the  pressure  to  be  13-2  cm.  at  4-2°  77-2  cm. 
at  32-6°  If  free  ammonia  or  sulphuretted  hydrogen  be 
present  in  excess,  the  product  of  the  partial  pressures  must 

'  Comptes  rendus,  92.  919. 
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be  constantly  equal  to  one  quarter  of  the  square  of  the  total 
pressure  in  the  former  case.  For  instance,  at  17-3°  the  dis- 
sociation pressure  was  30-0  cm.  ;  that  of  each  constituent 
consequently  15-0,  and  the  product i:)NH3 .  jjh^s  =  225.  But 
when  sulf)huretted  hydrogen  sufficient  to  produce  IM  cm. 
pressure  in  the  apparatus  Avas  added,  the  partial  pressure 
of  the  H2S  rose  to  21-4,  while  that  of  ammonia  fell  to  10-3  ; 
the  product  10-3  x  21-4  =  220,  which  may  be  regarded  as 
identical  with  the  preceding  225  ;  and  similarly  in  many 
other  experiments. 

The  dissociation  of  ammonium  carbamate 

NH,  CO2  NH2  ^  2  NH3  +  CO2 
leads  to  the  equation 

siiace  the  carbamate  itself  is  present  in  the  gaseous  phase 
with  constant  (and  very  small)  concentration.  If  j)  be  the 
dissociation  pressure,  the  substance  yields,  when  there  is  no 

excess  of  either  gas,  the  partial  pressvire  of  COg  =  while 
.  2p 

that  of  NH3  is  —5  so  that  the  constant  in  the  equation 

(concentration  being  again  represented  by  pressure)  is  -/y^^ 
Exj)eriments  by  Horstmann  ^  and  Isambert  -  fully  confirm 
this  conclusion. 

Again,  the  reaction 

3  Fe  +  4H2O  ^  FegO,  +  4 

(occurring  in  a  system  of  three  components)  will  yield  the 
equation 


v4 


if  we  put  the  concentrations  of  the  Fe  and  Fe^Oj  in  the 
gaseous  phase  constant,  or  in  other  words,  if  we  ignore 


'  lAobig's  Annalen,  187.  48  (1877). 
^  Coniptes  rendus,  93.  73:. 
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the  presence  of  the  solids.  On  taking  the  fourth  root  of  the 
equation  we  get  Ch.h- (7h„o  =  constant,  i.e.  the  reaction 
will  proceed  in  one  sense  or  the  other  till  a  certain  pro- 
portion holds  between  the  concentration  of  the  hydrogen 
and  the  steam.  This  was  the  conclusion  arrived  at  by 
De^dlle  ^ :  he  maintained  the  system  at  440°,  but  to  secure 
a  definite  pressure  of  water  vapour  kept  the  apparatus  in 
communication  with  a  retort  containing  water  at  0°  in  one 
experiment,  at  11-5°  in  another.  The  pressure  of  H,0  was 
therefore  the  saturation  pressure  at  these  temperatures,  viz. 
4-6  and  10-1  mm.  respectively,  while  that  of  the  hydrogen 
was  found  manometrically  to  be  25-8  and  57-9  in  the  two 
experiments  ;  but  Gno^-^  Ch^o  in  the  first  case  is  25-8  -r-  4-6 
=  5-6,  in  the  second  is  57-9  h- lO-l  =  5-7 — a  very  close 
agreement,  considering  the  experimental  difficulties  to  be 
overcome. 

When  a  solid  plays  a  part  in  a  reaction  taking  place  in 
solution  we  must,  consistently  with  the  above  theory, 
attribute  to  it  a  definite  concentration  in  the  solution  which 
depends  only  on  the  temperature  (and  to  a  minute  extent  on 
the  pressure),  and  it  is  well  known  that  even  so-called 
insoluble  salts,  such  as  silver  chloride  or  barium  sulphate, 
do  dissolve  in  water  to  an  appreciable  extent.  But  it  should 
especially  be  noticed  that  the  equilibrium  that  holds  between 
the  solid  and  solution  refers  only  to  the  presence  in  solution 
of  material  of  the  same  composition  as  the  solid.  If  dis- 
sociation occurs,  in  particular  electrolytic  dissociation,  the 
solution  must  be  regarded,  so  long  as  solid  salt  is  present,  as 
saturated  by  the  undissociated  salt  it  contains,  without  regard 
to  the  amount  of  dissociated  substance  (ions)  present,  an 
amount  which  may  be  influenced  by  other  bodies  in  the 
solution.  We  must  therefore  distinguish  between  the 
apparent  solubility  measured  by  the  total  amount  of  salt 
taken  up  by  unit  volume  of  the  solution,  and  the  real 
'  Liebig's  ^nn,  157.  71  (1871). 
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solubility  measured  by  the  amount  of  salt  which  exists  un- 
changed in  unit  volume  of  solution  :  the  latter  is  indejDendent 
of  the  presence  of  other  bodies. 

It  follows  that  when  two  salts  with  a  common  ion  are 
mixed,  the  apparent  solubility  of  each  will  be  affected,  since 
their  degree  of  dissociation  is  affected  (p.  165).  This  has 
been  followed  out  experimentally  with  sufficient  exactness 
to  serve  as  a  confirmation  of  the  theory  of  electrolytic  dis- 
sociation, and  has  indeed  been  used  as  a  means  of  measuring 
the  degree  of  dissociation.  The  extent  of  mutual  influence 
can  be  calculated,  in  the  case  of  weak  electrolytes,  by  means 
of  Ostwald's  law  of  dissociation,  especially  when  the  solubility 
is  small.  E.  g.  the  solubility^  gram-molecule  per  c.c.)  of 
a-bromisocinnamic  acid  in  presence  of  oxanilic  acid  is  shown 
in  the  following  table  : — 

Cone,  of  Solubility  of  a-hromisocinnamic  add. 

oxanilic  acid.  ohs.  cole. 

o  17-6  X 10—"  — 

27.2  X 10-^  14.0  I3.6  X 10—^ 

52.4  12.9  I2-0 

The  dissociation  constants  are  14-4x10""^  (a-bromiso- 
cinnamic) and  11-8x10"''  (oxanilic  acid).  Hence  to  calculate 
the  degree  of  dissociation  y  of  the  former  acid  we  have 

(IZ-GxlO-V)'  , 
—  il — —  14-4x10^ 

17.6xl0"(l-y)"  '^^^  ^  ' 

whence  y  =  0-584.    The  undissociated  salt  accordingly  has 

the  concentration  17-6  x  lO"''  (1  -0-584)=  7-32  x  lO"*  ;  this 

is  the  true  solubility  of  the  acid.    If  then  C  be  the  total 

concentration  of  the  a-bromisocinnamic  acid,  and  that 

of  the  oxanilic,  while  C  of  the  latter  is  dissociated,  the 

solution  will  contain 

7.32  X  lo""  undissociated  a-bromisocinnamic  acid, 
C— 7.32X  10— a-bromisocinnamic  ions, 

C'  —  C"  undissociated  oxanilic  acid, 

C"  oxanilic  ions, 

C+  C"  — 7-32  X  lo""  hydrogen  ions. 

'  Noyes,  Ostw.  6.  245. 
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The  law  of  mass  action  then  gives  the  equations 

(C- 7-32  X  10-^)  {C  +  C" x  lO'') 

=  14.4  X  10-"  X  7-32  X  10'^', 

C'/(C+a"-7-32xlO-^)  =  ll-8xlO-'x{C'-C''). 
Since  the  amount  of  C"  of  oxanilic  acid  added  is  known, 
these  equations  serve  to  calculate  the  unknowns  ;  the  values 
of  C  thus  found  are  given  in  the  above  table. 

§  10.    Henry's  Law.    Law  of  Partition. 

It  was  found  long  ago  by  Henry  that  the  solubility  of 
gases  in  liquids  is  regulated  by  the  condition  that  at  any 
given  temperature  the  concentration  of  the  gas  in  solution 
is  proportional  to  its  concentration  in  the  gaseous  state. 
The  measurements  of  solubility  made  by  Bunsen  and  others 
have  usually  been  expressed  by  an  '  absorption  coefficient, ' 
which  means  the  volume  of  gas  (reduced  to  0°  and  760  mm.) 
absorbed  by  one  volume  of  solvent  under  760  mm.  pressure. 
If,  however,  the  solvent  is  at  t  degrees,  it  is  more  convenient 
to  multiply  the  absorption  coefficient  by  (1  +0-00366  t)  in 
order  to  express  the  volume  of  the  gas  at  f  ;  the  number 
so  obtained  is  the  constant  required  to  express  Henry's  law 
in  modern  terminology,  i.  e.  the  concentration  (gram-mole- 
cules per  c.c.)  of  gas  in  solution  which  is  in  equilibrium 
with  the  concentration  unity  in  the  gaseous  phase,  a  constant 
that  may  be  called  the  coefficient  of  solubility.  Here,  however, 
as  with  solids,  it  is  necessary  to  distinguish  between  the 
apparent  and  real  solubility,  for  the  gas  may  undergo 
a  change  on  dissolving.  This  is  particularly  noticeable 
when  the  gas  forms  an  acid  or  base,  which  suffers  electrolytic 
dissociation  simply,  as  in  the  examples 

HC1=:H-  +  Cr,  H^S^H'  +  HS'; 

or  with  previous  hydration  as 

SO2  +  H2O  =  H2SO3,  H2SO3  =  H'  +  HSO;, 

NH,-f  H2O  =  NH.OPI,        NH.OH  =  NH-,  +  OH'. 
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In  either  case  the  total  or  apparent  solubility  is  not 
strictly  proportional  to  the  pressure,  but  when  the  electro- 
lytes formed  are  weak,  much  the  gi-eater  part  of  the  gas 
absorbed  remains  undissociated  unless  the  solution  is  very 
dilute.  Consequently  for  pressures  over  a  certain  range 
Henry's  law,  as  applied  to  the  total  solubility,  appears  to  be 
true  ;  for  high  pressures  some  departure  from  it  is  noticeable, 
since  the  solutions  can  no  longer  be  regarded  as  dilute  ;  for 
very  low  pressures  the  apparent  solubility  becomes  greater, 
since  while  the  true  solubility  remains  the  same,  the 
amount  absorbed  and  dissociated  bears  a  larger  and  larger 
ratio  to  that  existing  unchanged  in  solution  as  the  solution 
becomes  more  dilute.  The  experiments  of  Sims  ^  on  SOg 
and  NHg  bear  out  this  theoretical  conclusion  ;  for  the  former 
gas  at  20°  the  observed  coefficient  of  solubility  remains 
practically  constant  from  1,900  mm.  pressure  down  to  about 
300  mm.,  below  which  it  begins  to  increase  rapidly;  for 
ammonia  at  20°  the  coefficient  increases  slowly  and  nearly 
linearly  from  2,000  mm.  pressure  down  to  about  500  mm., 
and  then  rises  more  and  more  rapidly. 

It  should  be  remarked  that  Hemy's  law  (as  applied  to 
the  real  solubility)  is  in  harmony  with  the  views  on  dilute 
solutions  deduced  from  thermodynamic  reasoning,  and  that 
it  is  therefore  strictly  and  universally  true,  so  far  as  the  gas 
solution  formed  may  be  regarded  as  sufficiently  dilute  % 

From  Henry's  law  may  be  deduced  a  rule  as  to  the 
partition  or  distribution  of  a  dissolved  substance  between 
two  solvents  ;  for  if  we  admit  that  all  substances  are  volatile, 
though  possibly  only  to  a  minute  extent,  it  follows  that  the 
concentration  in  any  solution  must  be  such  as  to  produce 
equilibrium  with  the  gaseous  phase  ;  but  we  may  suppose 
the  solutions  of  the  same  substance  in  two  different  solvents 

1  Liebig's  Ann.  118.  345  (1861). 
Van't  Hoff,  Ostw.  1.  488  ;  Eayleigh,  Nature,  55.  253  ;  Donnan,  1.  c. 
57.  53. 
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to  be  placed  side  by  side  in  contact  with  the  vapour  rising 
from  them ;  then  the  two  solutions  can  only  be  in  equilibrium 
with  one  another  if  each  is  in  equilibrium  with  the  vapour  ; 
but  since  the  concentration  of  the  dissolved  body  in  each 
liquid  phase  is  proportional  to  that  in  the  gaseous  phase, 
the  concentrations  in  the  liquid  phases  must  be  proportional 
to  one  another.  This  is  essentially  the  law  of  partition 
arrived  at  independently  by  Aulich  '  and  by  Nernst  - :  it 
may  be  stated  as  follows  : — 

'  At  a  given  temperature  and  for  a  given  substance  a  ratio 
holds  between  the  concentrations  in  the  gaseous  and  the 
various  Hquid  phases  of  a  system  which  is  independent  of  the 
total  amount  of  the  substance  in  question,  and  of  the  presence 
of  other  substances  whether  chemically  related  to  it  or  not. ' 

One  or  two  remarks  are  necessary,  however,  to  avoid 
misunderstanding  this  statement.  In  the  first  place  it  must 
(like  Henry's  law,  of  which  it  is  merely  a  completion) 
be  taken  to  apply  only  to  dilute  phases,  i.  e.  it  is  strictly 
true  only  when  the  concentration  is  indefinitely  small,  the 
divergence  from  it  increasing  as  that  condition  is  departed 
from.  When  the  substance  in  question  is  a  solid  at  the 
temperature  considered,  increase  of  concentration  eventuallj'^ 
leads  to  the  well-known  phenomenon  of  saturation,  followed 
by  deposition  of  the  solid  ;  and  it  is  clear  that  when  that 
happens  for  the  vapour  the  solution  must  be  saturated  too, 
since  equilibrium  with  the  solid  is  the  condition  of  saturation. 
When  a  third  fluid  phase  separates  out  (e.g.  ether  from 
aqueous  solution  when  the  concentration  reaches  a  certain 
point)  the  same  phenomenon  occurs,  but  in  the  case  of 
solutions  of  completely  miscible  substances  (e.g.  alcohol  in 
water)  no  such  limit  exists,  and  the  vapour  and  solution 
gradually  reach  concentrations  to  which  the  law  of  partition 
does  not  apply.  On  the  other  hand,  the  validity  of  the  law 
is  not  limited  by  mere  mechanical  pressure,  since  that  can 
'  Ostw.  8.  105.  '  1.  c.  8.  no. 
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be  obtained  by  means  of  a  neutral  gas  without  altering  the 

equilibrium  between  the  vapour  and  solution.    Further,  in 

the  statement  of  the  law,  '  substance '  must  be  taken  to 

mean  a  definite  kind  of  molecule  only,  not  including  the 

products  of  polymerization  or  dissociation  ;  this  is  equivalent 

to  the  limitation  previously  expressed  by  the  term  'real 

solubility.'   Nernst  gives  experimental  results  that  illustrate 

this  point :  succinic  acid  dissolved  in  a  mixture  of  ether  and 

water  was  found  to  have  these  concentrations  (per  cent. ) :  — 

Aqueous  solution  Ca  0-24  0-70  1.21 
Ethereal  solution  Cb  0.046  0.13  0-22 
Eatio  Ca-t-Cb  5-2  5.2  5.4 

In  this  case  the  condition  of  the  acid  is  the  same  in  the  two 
solutions  (apart  from  a  very  small  fraction  electrolytically 
dissociated  in  water;.  But  benzoic  acid  dissolved  in 
benzene  and  in  water  does  not  show  the  same  molecular 
weight  as  determined  by  the  freezing-point  method,  the 
aqueous  solution  being  normal,  but  that  in  benzene  con- 
sisting mainly  of  double  molecules  ;  accordingly  the  (total 
or  apparent)  concentrations  in  the  two  liquids  are  not  in 
a  constant  ratio,  as  shown  by  the  following  numbers  :  — 

Aqueous  solution  Ca  o.I50  0195  0289 

Benzene  solution  Cb  2-42  4-12  9-70 

Eatio  Ca-t-Cb  0  062  0-048  0-030 

Eatio  Ca-7- VGb  0-0305  00304  0-0293 

In  the  more  concentx'ated  benzene  solutions,  the  number 
of  associated  molecules  bears  a  larger  ratio  to  the  number  of 
unassociated,  and  as  it  is  the  latter  which  is  proportional  to 
the  number  in  aqueous  solution,  the  total  amount  of  benzoic 
acid  in  benzene  solution  must  bear  a  larger  ratio  to  that 
in  aqueous  when  the  concentration  is  large  than  when  it 
is  small.  We  may  draw  a  quantitative  conclusion  on  tliis 
point  if  we  assume  that  the  amount  of  unassociated  benzoic 
acid  in  benzene  is  quite  small  compared  with  the  whole 
amount.  Calling  the  former  quantity  C,  and  reserving  the 
symbol  Cb  for  the  latter,  we  have  that 
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(1)  C  o:  G ji  (law  of  partition)  ; 

(2)  C-  oc  {Cb  -  C)  (law  of  mass  action),  but  as  C  is  small 
this  is  practically      oc  Cb. 

Accordingly  Ga  should  be  very  nearly  proportional  to 

s^Gb,  a  conclusion  borne  out  by  the  preceding  table. 

§  11,    Relation  between  Reaction  Constants  and 
CoefiB.eients  of  Solubility. 

The  example  just  mentioned,  on  the  solubility  of  benzoic 
acid  in  benzene  and  water,  may  serve  as  an  instance  of  the 
connexion  that  exists  between  the  equilibrium  conditions 
for  a  reaction  (in  that  case  an  association)  taking  place  in 
two  solvents  and  the  coefficients  of  solubility  of  the  reagents. 
Stated  moi'e  generally,  we  see  that  there  is  (1)  an  equation 
between  the  concentrations  in  any  one  phase,  the  form  of 
which  is  given  by  the  law  of  mass  action,  and  the  constant 
of  which  may  be  determined  by  experiment ;  (2)  an  equation 
— obtained  by  measurements  of  solubility — for  each  sub- 
stance, showing  the  relation  between  its  concentration  in 
the  given  phase  and  another.  Hence  the  condition  of 
equilibrium  in  the  second  phase,  as  expressed  by  the 
reaction  constant,  can  be  calculated  without  further  experi- 
ment. 

Taking  the  equation  to  Guldberg  and  Waage's  law  in 
the  logarithmic  form  (p.  145),  and  using  suffixes  to  dis- 
tinguish the  concentrations  in  two  phases,  say  gaseous  and 
liquid,  we  have 

2  {v  log  G,)  =  log  K„       2  {v  log  G,)  =  log  IC ; 
but  C^  =  X  Gg  for  each  substance,  where  A  is  the  coefficient 
of  solubility  of  that  substance  ;  hence 

2(z;logC,.  +  i;logA)  =  logZ,), 
and  by  subtraction 

2(.logA)  =  log(f^), 

s 

B 
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an  equation  that  may  be  regarded  as  determining  /C  if  A"/  is 
known,  or  vice  versa. 

Further,  the  equations  to  the  reaction  may  be  given  in 
a  very  simple  form  by  a  change  in  the  unit  of  concentration, 
provided  that  the  concentration  of  the  saturated  solution  or 
vapour  does  not  exceed  the  limit  of  what  may  be  regarded 
as  a  dilute  phase.  If  solution  and  vapour  are  in  contact, 
and  one  of  them  be  saturated  with  a  certain  constituent, 
the  other  i^hase  must  be  saturated  with  it  too ;  hence  the 
coefficient  of  solubility  may  be  regarded  as  the  ratio  between 
the  saturation  concentration  in  the  liquid  to  that  in  the 
vapour.    Calling  these  concentrations  Sj,  8^,  respectively, 

"We  see  then  that  in  any  case  the  concentration  in  the 
liquid  phase  bears  to  the  saturation  concentration  in  that 
phase  the  same  ratio  as  the  corresponding  quantities  do 
in  the  gaseous  phase.  If  the  saturation  concentration  be 
taken  as  the  unit  in  each  phase,  we  may  put 

^  _  ^  _  Q 

Si  Sg- 

where  C  may  conveniently  be  called  the  reduced  con- 
centration, a  quantity  that  is  the  same  for  all  the  phases. 
Now  since 

2  {v  log  C,)  =  log      and  2  {v  log  (7^)  =  log  Z^, 
it  follows  that 

2  (v  log  C)  =  log  Kr-  2  {v  log  Sr)  =  log  Z^-2  (i;  log  S^)  =  K. 

the  reduced  reaction  constant. 
Accordingly  the  equation 

2  (z;  log  C  )  =  K 

expresses  the  condition  of  equilibrium  equally  in  the  gaseous 
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stcate  and  in  any  solvent.  This  may  be  put  into  words  as 
follows : — 

'If  the  concentration  of  each  reagent  in  each  phase  be 
expressed  as  a  fraction  of  its  saturation  concentration  in 
that  phase,  the  reaction  constant  is  the  same  for  all  (dilute) 
phases. ' 


B  2 


CHAPTER  VI 


APPLICATION  OF  THEBMO DYNAMICS  TO  CHEMICAL 
EQUILIBKIUM 

§  1.    Heat  of  Reaction. 

We  saw  in  chap,  iii  the  exceptional  place,  amongst 
physical  properties,  occui^ied  by  the  quantities  of  heat  in- 
volved in  the  passage  of  a  substance  from  one  physical  state 
to  another,  or  in  the  transformation  of  a  chemical  system. 
We  have  now  to  consider  in  detail  those  quantities  of  heat, 
and  their  relation  to  the  physical  or  chemical  equilibriimi 
concerned. 

The  name  *  heat  of  reaction '  may  conveniently  be  used 
in  the  most  general  sense  to  mean  the  heat  evolved  in 
any  change,  physical  or  chemical,  by  that  amount  of  the 
reagents  (in  grams)  which  is  expressed  by  the  equation. 
The  heat  of  reaction  may  then  be  written  at  the  end 
of  the  right-hand  member  of  the  equation.  It  may  be 
a  positive  or  negative  quantity  according  to  cii-cumstances  : 
e.  g.  we  may  write 

HjO  (solid)  =  H2O  (liquid) -1,440 
to  state  that  the  conversion  of  1  gram-molecule  of  water 
from  the  solid  to  the  liquid  form  is  accompanied  by 
absorption  of  1,440  calories. 

The  evolution  or  absorption  of  heat  in  a  reaction  is  the 
sum  of  two  quantities:  (1)  the  change  of  internal  energy 
of  the  reacting  system ;  (2)  the  heat  required  to  perform 
external  work  if  the  system  expands,  or  produced  at  the 
expense  of  external  work  if  the  system  contracts.  The 
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second  of  these  quantities  is  negligibly  small  in  condensed 
systems,  but  may  be  considerable  when  the  reaction  in- 
volves gases.  It  is  usually  more  convenient  to  deal 
(theoretically)  with  the  change  in  internal  energy  only, 
and  as  that  is  clearly  the  amount  of  heat  involved  if  the 
reaction  take  place  without  either  expansion  or  contraction, 
it  may  be  described  as  the  heat  of  reaction  at  constant  volume. 
Experimentally  it  is  usually  the  heat  of  reaction  under 
constant  pressure  that  is  measured  ;  from  it  the  other  can 
easily  be  calculated,  and  in  what  follows  the  heat  of  reaction 
\A'ill  always  be  taken  to  mean  that  at  constant  volume 
(change  of  internal  energy),  unless  the  contrary  is  stated. 

Since  one  mol.  of  any  gas  under  pressure  p,  and  absolute 

ET 

temj)erature  7',  occupies  the  volume  the  amount  of 

work  done  when  it  is  generated  is  measured  by  that  volume 
multiplied  by  p,  i.  e.  by  RT ;  while  the  disappearance  of 
a  mol.  of  gas  implies  that  an  amount  RT  of  work  is  done 
on  the  system,  and  the  corresponding  amount  of  heat 
generated  in  it.  R  has  the  constant  value  1-984  5  calories 
nearly ;  RT  at  1 9°  C.  (average  atmospheric  temperature) 
=  580  calories. 

As  an  example,  we  may  take  the  volatilization  of  water 
under  one  atmosphere  pressure :  this  is  accompanied  by  an 
absorption  of  18  x  536  =  9,648  calories  (per  mol.) ;  but  as 
a  mol.  of  gas  is  evolved  in  the  change,  and  the  tempera- 
ture of  volatilization  is  373°,  the  external  work  done  is 
1-98  X  373  =  739  calories.  Hence  of  the  total  heat  absorption, 
only  the  difference  9,648  —  739  =  8,909  goes  to  increase  the 
internal  energy  of  the  water,  and  we  may  Yrrite 

H2O  (liquid)  =  H2O  (vapour) -8, 909. 

This  quantity  is  sometimes  called  the  internal  latent  heat 
of  evaporation. 

It  is  obvious  that  any  heat  of  reaction  will  vary  according 
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to  the  state  of  aggregation  of  the  reagents  before  and  after : 
it  is  therefore  necessary  to  specify  the  state  of  each  when 
there  is  any  ambiguity.  As  an  instance  of  a  purely  chemical 
change  we  may  take  the  formation  of  water  from  its 
elements.  When  hydrogen  is  burnt  and  the  y/ater  formed 
condensed  at  atmospheric  temperature,  34,180  calories  are 
evolved  per  gram  of  hydrogen :  we  may  therefore  write 

2  H2  (gas)  +  O2  (gas)  =  2 HgO  (liquid)  +  1 36, 720  - 3  x  580 

=  2H2O  (liquid)  134,980  ; 

for  since  three  mols.  of  gas  disappear  in  the  reaction,  3  x  580 
calories  of  the  observed  production  of  heat  are  due  to  external 
work  done  by  the  atmosphere  in  compressing  the  system, 
and  only  the  remainder  is  due  to  the  loss  of  internal  energy 
of  the  reagents. 

Since  the  internal  energy  of  a  body  is  always  the  same 
when  it  is  under  the  same  conditions  (j^hysical  state, 
temperature,  and  pressure),  the  change  in  internal  energy 
corresponding  to  any  reaction  is  independent  of  the  method 
by  which  the  reaction  is  carried  out.  Hence  if  the  reaction 
is  impossible  to  carry  out  directly,  or  if  it  takes  place  too 
slowly  for  calqrimetric  observation,  we  may  take  the 
reagents  through  any  set  of  changes  that  lead  from  the 
initial  to  the  final  state,  and  add  together  the  changes 
(  +  ^'s  or  —  vfi)  in  the  internal  energy  of  the  system  ac- 
companying each.  The  total  will  be  identical  with  the 
change  of  internal  energy  that  would  result  from  performing 
the  reaction  directly.  The  commonest  use  of  this  principle 
is  in  determining  heats  of  formation.  Thus,  suppose  it  is 
required  to  know  the  heat  of  formation  of  benzene,  i.e.  the 
thermal  value  of  the  reaction 

6C  (solid)  +  3H2  (gas)  =  C„H«, 

the  product  being  in  the  form  of  vapour  at  18°.  It  is 
impossible  to  synthesize  benzene  directly  from  its  elements  ; 
but  it  may  be  burnt  to  COg  -and  HjO,  and  the  heat  of 
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combustion  compared  with  that  of  the  elements.  Now 
the  heat  of  combustion  at  constant  jDressure  of  solid  carbon 
(per  12  gms.)  is  96,960  calories,  and  no  change  of  volume 
occurs,  so  that  the  heat  of  combustion  at  constant  volume, 
or  change  of  internal  energy,  is  the  same  ;  that  of  hydrogen 
is,  we  have  seen,  134,980  for  2H.p.  Hence 

GC  (solid)  +  3 H2  (gas)  +  7\ (gas) 

=  6CO2  (gas)  +  3 H2O  (gas) +  786,840. 

On  the  other  hand,  a  mol.  of  benzene  vapour  burnt  under 
atmospheric  pressure  gives  out  799,350  calories,  but  the 
number  of  molecules  of  gas  is  decreased  from  8^  to  6  in 
the  combustion  (the  water  being  condensed),  hence  the 
change  of  internal  energy  is  799,350-21  x  580  =  797,900. 
Accordingly  the  benzene  contains  797,900  —  786,840  =  11,060 
calories  more  internal  energy  than  its  constituent  elements  ; 
or  otherwise  expressed,  its  heat  of  formation  is  —11,060. 
An  abbreviated  mode  of  expression  for  this  is 

[C„  H„]=  -  11,060, 

the  comma  being  used  to  separate  the  components  (ele- 
mentary or  not)  out  of  which  the  formation  takes  place. 
Such  a  reaction  is  called  endothermic :  one  in  which  the  heat 
of  reaction  is  positive,  exoihermic. 

Heat  of  reaction  is  not  in  general  the  same  at  different 
temperatures,  for  the  internal  energy  of  the  substances  on 
each  side  of  the  equation  is  increased  on  rise  of  temperature, 
and  unless  the  rate  of  rise  is  the  same  on  both  sides,  the 
difference  of  energy  between  the  two  sides  will  increase 
or  decrease.  If  q  be  the  heat  of  reaction  at  f,  s  the  thermal 
cajiacity  of  the  substances  on  the  left  hand  of  the  equation, 
and  /  that  of  the  substance  on  the  right  hand  (all  at  con- 
stant volume),  then  at  temperature  ^  +  1  the  heat  of  reaction 
becomes  q^s—s\ 

E.  g.  the  thermal  capacity  of  32  grams  of  oxygen  and  4  of 
hydrogen  is  15-58  cal.,  while  that  of  36  grams  of  liquid 
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water  is  36  cal.    Hence  the  heat  of  combustion  of  oxygen 

and  hydrogen  falls  off  by  20-42  cal.  per  degree.  Even 

this  is  less  than  ooVo  of  the  actual  heat  of  reaction,  and 

in  many  cases  the  temperature  variation  is  much  less, 

so  that  g  may  usually  be  treated  as  constant.    It  would 

be  strictly  so  if  the  thermal  capacities  of  the  two  systems 

were  the  same,  and  therefore  if  the  specific  heat  were 

a  strictly  additive  property ;  for  as  the  two  systems  on 

opposite  sides  of  the  equation  consist  of  the  same  atoms,  they 

would  in  that  case  possess  the  same  total  capacity  for  heat. 

The  specific  heats  of  gases  are  nearly  additive,  hence 

we  are  able  to  conclude  that  the  heats  of  reaction  between 

gases  are  nearly  constant,  and  to  make  a  useful  simplification 

in  the  expression  for  the  reaction  constant  between  gases 

(p.  144),  the  term  ^vKy  (subsumed  under  'S.jv)  becoming 

zero.    To  what  degree  of  approximation  this  is  true  may 

be   judged    from   the   following   table,    calculated  from 

Eegnault  and  Wiedemann's  experiments  on  the  gases  under 

constant  pressure  :  the  numbers  refer  to  the  temperature  (f. 

Molec  sp.  ht.  at 
^'  constant  volume  (Ky)' 

0.,  5  02 

N2  4-88 
Ha  491 
CO  4-86 
CO2  6.45 
NjO  674 

6.57 

The  values  of  Kv  for  the  last  three  gases,  calculated  on 
the  additive  hypothesis,  are  CO2  =  4-86  +  4  x  5  02  =  7-37 
instead  of  6-45,  N^O  =  4-88  +  J  x  5-02  =  7-39  instead  of 
6-74,  NHs  =  4x  4-88  +  1x4-91  =  9-80  instead  of  6-57.  Such 
divergences  are  sufficient  to  produce  a  marked  effect  when 
very  large  ranges  of  temperature  are  considered,  as  is 
seen  from  Hoitsema's  observations  on  the  reaction 

CO^  +  H^^CO  +  H^O 
(p.  201)  -  the  reaction  constant  increases  up  to  2670°  and 
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then  decreases.  This  implies  that  the  heat  of  reaction  is 
negative  below  that  temperature,  but  positive  above  it 
(p.  151^  ;  but  over  small  ranges  of  temperature  the  additive 
law  may  be  regarded  as  correct. 

The  additive  rule  is  also  approximately  true  for  solid 
compounds  of  elements  that  obey  Dulong  and  Petit's  law. 
The  atomic  heat  of  most  solid  elements  being  about  6-4, 
the  molecular  heat  of  compounds  of  those  elements  con- 
taining 11  atoms  should  be  6-4  x  M  ;  and  accordingly  a  number 
of  diatomic  oxides,  sulphides,  chlorides,  and  iodides,  have 
molecular  heats  lying  between  11  and  14-5,  triatomic  com- 
pounds of  the  types  AgaS,  CugO,  CaCl,  have  molecular 
heats  between  15-9  and  19-0,  and  so  on  with  more  complex 
compounds. 

§  2,    Thermochemical  Methods. 

The  calorimetric  methods  employed  to  study  heat  of 
reaction  are  two,  principally  :  the  method  of  mixture,  and 
that  of  Bunsen's  calorimeter. 

The  method  of  mixture  is  a  modification  of  the  process 
usually  adopted  for  finding  specific  heats,  viz.  that  of  im- 
mersing a  hot  body  in  a  mass  of  cold  water  and  observing 
the  rise  of  temperature  that  ensues.  In  the  corresponding 
chemical  problem  it  is  necessary  to  carry  out  a  reaction 
within  a  mass  of  water,  and  observe  the  rise  of  temperature 
when  all  the  heat  generated  in  the  reaction  has  become 
diffused  throughout  the  water.  This  method  has  the  advan- 
tage of  giving  results  directly  in  terms  of  the  calorie  as 
usually  defined  (p.  9),  so  that  they  may  immediately  be 
reduced  to  dynamical  measure  by  means  of  Rowland's  and 
others'  measurements  of  the  dynamical  equivalent  of  heat. 
On  the  other  hand  are  the  disadvantages  well  known  to 
affect  the  measurement  of  specific  heats  by  the  same 
method,  chiefly  (1)  the  difficulty  of  exact  thermometry,  the 
rise  of  temperature  of  the  water  being  always  small ;  (2) 


250 


PHYSICAL  CHEMISTRY 


the  correction  for  thermal  capacity  of  the  calorimeter, 
thermometei',  &c.  ;  (3)  the  correction  for  radiation.  The 
way  in  which  these  difficulties  are  met  in  practice  will  Ije 
seen  best  from  a  description  of  the  actual  forms  of  apparatus 
used  for  reactions  of  various  types  \ 


Fig.  32. 


To  measure  the  hcai  of  combustion  of  a  liquid,  Thomsen 
used  the  apparatus  shown  in  Fig.  32.  A  water  calorimeter 
A,  protected  merely  by  a  metal  covering  d,  contains  the 

1  The  following  descriptions  and  results  are  taken  from  J.  Thomsen, 
Thermochemische  Untersuchungen  (4  vols.),  Leipzig,  1882-86,  and  Bcrthelot. 
Thermochimie  (2  vols.),  Paris,  1898.  A  valuable  summary  of  results  is 
given  in  Ostwald's  Lehrbuch  (2nd  edit.),  vol.  2,  part  i,  Leipzig,  1893. 
Reference  may  also  be  made  to  the  numerous  measurements  of  Stoh- 
mann,  ./. /.  pmlct.  Chem.  vol.  31  and  onwards. 
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combustion  chamber  a  of  200  c.c.  capacity,  and  the  delivery 
tube  c  in  which  the  products  of  combustion  are  cooled,  the 
tube  being  180  cm.  long  and  half  a  centimetre  wide.  The 
whole  is  made  of  platinum  and  is  provided  with  a  conical 
tube  h,  into  which  fits  the  india-rubber 
stopper  of  the  burner  (Fig.  33).  The 
latter  consists  of  a  glass  vessel  a  con- 
taining liquid  to  be  burnt,  a  wick  by 
which  the  vapour  is  led  into  the 
neck  t,  which  is  surrounded  by  an 
electrical  heater  d.  By  means  of  the 
latter  heat  is  supplied  for  the  evapora- 
tion, and  the  flow  of  vapour  can  be 
exactly  controlled  to  give  the  most 
convenient  flame.  If  necessary  a  cur- 
rent of  air  can  be  led  in  through  g  to 
evaporate  the  liquid  more  easily,  or 
a  current  of  hydrogen  to  make  it 
burn  better.  The  vapour  is  burnt  at 
the  top  of  the  thin  platinum  tube  h 
in  an  atmosphere  of  oxygen  supplied 
through  I.  A  pair  of  silver  wires 
hanging  from  the  burner  down  the 
tube  &  serve  to  keep  the  vapour  warm 
and  avoid  condensation ;  while  the 
tube  is  thermally  isolated  by  being 
fitted  with  a  cork  into  the  outer  tube 
k.  The  burner  is  lighted  and  placed 
in  a  glass  chamber  of  the  same  shape 
as  that  of  the  calorimeter,  and  then 
regulated  so  that  the  flame  is  of  a 
reasonable  size  and  free  from  soot.  It  is  then  placed  in  the 
calorimeter  and  the  experiment  carried  out.  The  products  of 
combustion  are  drawn  away  by  an  aspirator  through  calcium 
chloride  tubes  and  potash  bulbs,  so  that  they  maybe  estimated 


Fig.  33. 
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in  the  usual  manner  of  organic  analysis,  and  the  weight  of 
liquid  burnt  may  be  calculated.  Gases  may  be  bm-nt  in  the 
same  aj^paratus,  being  led  in  through  g. 

An  entirely  different  apparatus,  which  has  received  the 
name  of  calorimeiric  homh,  has  been  worked  out  by  Bei-thelot 

and  his  assistants.  They  found  that 
the  combustion  of  most  organic  sub- 
stances is  more  comiDlete  and  certain 
when  carried  out  in  oxygen  at  a 
moderately  high  pressure  :  they  then 
conceived  the  notion  of  carrying  it 
out  rapidly  and  in  a  closed  vessel 
entirely  immersed  in  the  calorimeter. 
The  vessel  or  '  bomb '  is  a  cylinder 
of  steel  (Fig.  34)  with  a  hd  that  screws 
on  air-tight :  it  is  lined  internally 
with  platinum  so  that  the  substances 
used  do  not  in  any  case  come  into 
contact  with  the  steel.  The  substance 
to  be  burnt  is  weighed  out  and  placed 
in  a  little  platinum  capsule,  the  lid 
screwed  on,  and  the  bomb,  which 
holds  about  |  litre,  filled  with  oxj'^gen 
at  25atmos.  pressure  through  the  tubes 
provided  with  a  screw  tap.  The  whole 
is  then  placed  in  the  calorimeter  and 
ignition  produced  by  a  current  of 
electricity  which  incandesces  a  wire 
in  contact  with  the  substance.  The 
details  of  the  method  of  ignition  can 
be  modified  to  suit  various  cases.  A  method  that  is  frequently 
available  is  to  lead  the  current  through  an  iron  wire  lying 
in  contact  with  the  organic  substance  ;  the  wire  is  burnt, 
and  sets  fire  to  the  substance  ;  it  is  easy  to  allow  for  the 
heat  of  combustion  of  the  iron.    The  combustion  is  very 


Fig.  34. 
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rapid,  and  four  or  five  minutes  suffice  to  allow  the  heat 
to  diffuse  into  the  calorimeter,  so  that  the  correction  for 
radiation  is  minimized,  and  all  errors  due  to  uncertainty 
as  to  the  temperature  of  the  reagents  vanish.  Experiment 
shows  that  the  combustion  is  complete  to  1  in  1000.  On 
the  other  hand,  the  thermal  capacity  of  the  bomb  is  con- 
siderable, being  equal  to  that  of  300-400  gms.  of  water. 

For  reactions  detween  liquids  much  simpler  apparatus 
suffices,  e.g.  a  pattern  described  by  Nernst '  (Fig.  35 \  con- 
sisting of  a  beaker  of  about  1  litre  capacity,  isolated  and 
supported  by  corks  inside  a  larger  beaker. 
The  latter  has  a  wooden  lid  which  carries  a 
wide  test-tube  in  which  the  reaction  is  car- 
ried out,  a  finely  graduated  thermometer 
(conveniently  that  of  a  Beckmann  freezing- 
point  apparatus^  and  a  simple  platinum 
wire  stirrer.  The  thermal  capacity  of 
the  calorimeter  is  somewhat  uncertain, 
from  its  being  made  of  badly  conducting 
material,  but  is  in  any  case  small  com- 
pared with  that  of  the  water  it  contains  ; 
the  radiation  correction  is  negligible  be- 
cause the  rise  of  temperature  occurring 
is  only  a  degree  or  two,  and  the  reaction  is  usually  very  rapid. 

When  possible  it  is  advantageous  to  make  the  reacting 
liquids  themselves  serve  as  calorimetric  substance ;  e.  g. 
this  is  commonly  done  in  measuring  heats  of  neutralization. 
A  previous  knowledge  of  the  thermal  capacity  of  the  mixture 
is  of  course  required ;  it  is  then  only  necessary  to  observe 
the  temperatures  before  and  after  mixing.  It  is  desirable 
that  the  two  liquids  should  be  as  neai'ly  as  possible  at  the 
same  temperature  beforehand  ;  this  is  satisfactorily  accom- 
plished in  an  apparatus  designed  by  Pickering^.    It  con- 


J 

Fig.  35. 


^  Ostw.  2.  23. 


=  Phil.  Mag.  (5)  29.  247. 
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sists  of  a  platinum  vessel  of  the  shape  of  an  oval  cylinder 
14x8x10  cms.  deep,  divided  into  two  equal  parts  by  a 
partition  of  platinum  free  to  rotate  round  a  central  pivot 
and  made  water-tight  by  a  packing  of  sheet  india-rubber. 
The  liquids  to  be  mixed  are  put  in  the  two  compartments, 
with  a  thermometer  in  each,  the  whole  being  enclosed  in 
a  water-jacket  and  provided  with  stirrers  in  the  usual  way. 
When  the  temperature  of  the  two  solutions  is  as  nearly  as 
possible  the  same,  the  partition'  is  rotated  so  as  to  mix  the 
two  liquids,  and  the  rise  of  temperature  noted  ;  that  multi- 
plied by  the  thermal  capacity  gives  immediately  the  quantity 
of  heat  evolved.  It  is  not  necessary  to  use  such  expensive 
and  special  apparatus,  however,  as  the  method  has  been 
carried  out  very  successfully  by  means  of  a  pair  of  ordinary 
glass  vessels,  as  e.g.  by  Berthelot  {loc.  cit.). 

In  the  case  of  salt  solutions  the  calculation  is  simplified 
by  the  somewhat  remarkable  empirical  rule  that  the  thermal 
capacity  of  the  solution  is  approximately  equal  to  that  of  the 
water  it  contains,  alone.  Thus  NaNO^  dissolved  in  200 
mols.  of  HjO  has  the  specific  heat  0-975  ;  this  multiplied 
by  the  formula  weight  85  -1-  3,600  gives  3,593  as  the  thermal 
capacity  of  that  amount  of  solution  expressed  by  the  formula, 
while  the  200  mols.  of  water  alone  would  have  a  capacity 
3,600,  the  difference  being  —  7.  For  100  H^O  the  difference 
is  -9,  5OH2O  -h4,  25H2O  +11-7,  while  for  other  salts 
the  difference  is  sometimes  positive,  sometimes  negative. 

For  details  of  exact  thermometry  we  must  refer  to 
treatises  on  physics,  and  especially  to  Guillaume,  Traitc 
pratique  de  la  Thermometrie  (Paris,  1889).  It  may  be  pointed 
out  that,  to  make  use  of  the  table  of  values  of  the  calorie 
given  on  p.  9,  it  is  necessary  to  reduce  the  thermometer 
readings  to  the  standard  hydrogen  scale.  The  correction 
for  thermal  capacity  of  the  calorimeter,  &c.,  is  usually 
estimated  from  the  Aveight  of  each  substance,  platinum  of 
calorimeter,  glass  and  mercury  of  thermometer,  &c.,  that 
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shares  the  rise  in  temperature,  and  its  known  specific  heat. 
The  radiation  correction  is  usually  the  most  uncertain  point 
of  the  experiment;  it  may  be  found  approximately  as 
follows :  — 

Let  <2  *he  temperatures  of  the  calorimeter  before 
and  after  the  reaction,  that  of  the  surroundings  (water- 
jacket,  if  there  is  one),  theii  '^i^^  may  be  taken  as  the 

■,(^1+^2) 

average  temperature  during  the  experiment,  and  - — ^  '^o 

the  excess  over  surroundings  (this  quantity  should  be  made 
as  small  as  possible).  Leave  the  calorimeter  to  itself,  only 
stirring  occasionally,  for  a  time  equal  to  the  interval  between 
the  observations  and  t  ,  suppose  the  temperature  has  at 
the  end  of  that  time  fallen  by  radiation  to  t^.    During  this 

second  period  the  average  temperature  excess  is  — •  —t^, 

and  since,  by  Newton's  law  of  cooling,  the  radiation  is 
proportional  to  the  excess  of  temperature,  we  shall  have 

T  .-(.2       1'^  .  .       2  0  '2 

where  t  is  the  fall  of  temperature  due  to  radiation  during 
the  experiment.  Hence,  instead  of  the  observed  rise  of 
temperature  t^  —  t^,  we  must  take  the  corrected  value 

The  Bunsen  calorimeter  possesses  the  important  advantage 
of  being  constantly  at  one  temperature,  so  that  no  thermo- 
metry is  involved  in  its  use,  and  no  radiation  correction  has 
to  be  made  when  the  instrument  is  in  proper  working  order. 
Actually  it  is  impossible  to  surround  the  working  part  of 
the  apparatus  completely  with  ice  at  strictly  the  same 
temperature  as  itself,  so  that  there  is  usually  a  slight  move- 
ment of  the  mercury  column  when  the  instrument  is  not 
in  use  ;  but  the  correction  for  this  may  be  made  very  small. 
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especially  if  an  air-jacket  be  interposed  between  the  working 
part  and  the  ice  bath,  as  suggested  by  Boys.  The  calori- 
meter may  be  employed  in  the  original  manner  by  observing 
the  movement  of  a  thread  of  mercury  in  a  calibrated  capillar}' 
tube ;  this  has  the  advantage  of  showing  the  changes  pro- 
gressively ;  otherwise  it  is  better  to  determine  the  con- 
traction of  the  ice  by  causing  the  end  of  the  capillaiy  to 
dip  in  a  beaker  of  mercury,  and  vs^eighing  the  amount 
drawn  in  during  an  experiment.  The  Bunsen  calorimeter 
is  appropriate  for  measuring  very  small  quantities  of  heat. 
It  has,  however,  been  objected  to  it  that  the  unit  in  which 
the  heat  is  measured  is  not  known  with  sufl&cient  accvuracy. 
If  V  be  the  specific  volume  of  ice,  v'  that  of  water,  I  the 
latent  heat  of  fusion,  then  when  one  calorie  is  imparted 
to  the  instrument,  the  mixture  of  ice  and  water  contracts 

by  — Y~    ^•^•■>  ^"^^       ^  ^®         density  of  mercuiy,  the 

V — v 

weight  drawn   in  will  be  — z. —  d.      This   quantity  may 

be  calculated  by  observations  on  the  density  and  latent 
heat,  or  may  be  du'ectly  observed  by  pouring  a  known 
weight  of  warm  water  into  the  apj)aratus.  Bunsen  found 
0-01541  as  the  weight  of  mercury  per  calorie,  while  the 
results  of  other  observers  have  differed  by  as  much  as 
-g-To  from  this.  This  is  greater  than  the  uncertainty  existing 
in  the  value  of  the  dynamical  equivalent  of  heat,  so  that 
the  ice  calorimeter  cannot  be  regarded  as  being  so  accurate 
as  the  water  calorimeter.  It  should,  however,  be  possible  to 
obtain  the  constant  of  the  Bunsen  calorimeter  directly  in 
dynamical  measure  by  generating  a  measured  quantity  of 
energy  electrically  in  it,  and  observing  the  weight  of 
mercury  drawn  in.  Dieterici's^  experiments  conducted  in 
that  manner  give  the  constant  as  0-01533  grams  of  mercuiy 
per  therm.  (4-2  x  IC  ergs). 

1  Wied,  33.  417  (1888). 
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§  3.    Classification  of  Results. 

If  we  accept  the  view  stated  in  the  preceding  chapter, 
that  chemical  reaction,  even  when  apparently  between 
different  phases,  really  takes  place  in  a  single  (fluid)  phase 
between  the  obviously  gaseous  (or  liquid)  constituents  and 
traces  of  the  remaining  constituents  in  the  form  of  vapour 
(or  solution),  it  follows  logically  that  the  thei-mal  changes 
involved  may  be  classified  into  (1)  latent  heat  accompanying 
change  of  state  ;  (2)  heat  due  to  the  reaction  occurring  within 
a  single  phase.  In  the  case  of  an  apparently  heterogeneous 
reaction,  e.g.  solution  of  a  metal  in  acid,  the  evolution  of 
heat  might  be  analyzed  into  those  two  parts.  We  cannot 
always  perform  the  analysis,  but  it  will  help  to  make  the 
subject  intelligible  to  bear  the  distinction  in  mind. 

We  have  then  in  consequence  of  change  of  state  : 

(a)  Heat  of  evaporation  of  a  liquid. 

(6)  Heat  of  sublimation  of  a  solid. 

These  quantities,  so  far  as  is  known,  are  the  same  whether 
the  evaporation  occurs  in  a  vacuum  or  in  presence  of  other 
gases  or  vapours.  On  the  other  hand,  a  considerable  amount 
of  external  work  is  done  in  evaporation,  so  that  in  deter- 
mining the  change  of  internal  energy  (or  internal  latent 
heat,  as  it  is  sometimes  called)  the  corresponding  correction 
must  be  made  (examples  p.  245). 

(c)  Heat  of  fusion  of  a  solid. 

{d)  Heat  of  solution  of  a  solid. 

(e)  Heat  of  solution  of  a  gas. 

By  analogy  with  evaporation  these  may  be  taken  to  mean 
the  heat  evolved  when  one  gram-molecule  of  solid  or  gas 
combines  with  so  much  solvent  as  to  produce  a  saturated 
solution ;  but  the  various  cases  will  be  treated  in  detail 
below. 

(/)  Heat  of  transition  from  one  solid  phase  to  another. 
E.  g.  transition  from  rhombic  to  monosymmetric  sulphur. 
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Further,  the  heat  developed  in  dissolving  a  liquid  in 
another  which  is  imperfectly  miscible  with  it,  in  mixing 
two  completely  miscible  liquids,  and  in  diluting  a  solution 
of  a  solid  or  gas,  constitute  intermediate  cases  between 
mere  change  of  state  and  chemical  reaction. 

As  the  thermal  phenomena  involved  in  solution  are 
somewhat  complex  and  liable  to  misunderstanding,  we  shall 
treat  them  in  more  detail,  dealing  first  with  simple  solution, 
and  then  with  complete  mixture.  If  a  mol,  of  the  soHd  B 
(salt  or  other  substance)  be  dissolved  in  x  mols.  of  a  solvent 
A  (e.  g.  water),  we  may  express  the  evolution  of  heat  by 

[xA,  B]  =  q, 

and  describe  the  quantity  as  the  heat  of  solution  of  B.  In 
order  to  effect  the  solution  a  certain  minimum  amount  a  of 
water  at  least  must  be  used,  since  the  solid  is  only  soluble 
to  a  limited  extent.  The  heat  of  solution  in  a  mols.  of 
water  or  ^^A,  B]  =  g„ 

has  been  called  the  integral  heat  of  solution  ;  in  other  words 
it  is  the  heat  of  formation  of  1  +  a  mols.  of  the  saturated 
solution.  When  more  solvent  than  this  is  used,  the  value 
of  2  will  be  somewhat  different  (greater  or  less  in  particular 
cases),  but  as  the  quantity  of  solvent  is  increased  indefinitely 
the  evolution  of  heat  tends  towards  a  finite  limiting  value 
which  is  called  the  heat  of  dilute  solution,  and  may  be 
written  [ooi,  B]  =  q^  . 

These  relations  are  shovm  in  Fig.  26. 

If  to  a  solution  already  containing  x  mols.  of  water  to  1  of 
salt  x'  more  of  water  be  added,  the  evolution  of  heat  is 

[xA+B,  x'A]  =  qx+x'  ~ qx , 
and  is  represented  by  the  difference  in  height  of  the  ordi- 
nates  corresponding  to  x  and  x  +  x'.    For  unit  addition  of 
water  this  becomes  equal  to  the  tangent  of  the  angle  of  slope 
of  the  curve,  and  may  be  called  the  heat  of  dilution. 
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[That  is,  [xA+B,  dxA']  -i-dx  =  ^-    This  quantity  varies 

from  a  finite  value  (^)  >  the  heat  of  dilution  of  the  saturated 

d  " 
solution,  to  f     )   =  0  for  the  dilute  solution.] 

Thus  e,  g.  Thomson  found  that  a  solution  of  the  composi- 
q 


Fig.  36. 

tion  Cu  CI2  + 1 0  HgO  (nearly  saturated)  gave,  on  mixing  with 
further  quantities  of  water,  the  following  liberation  of  heat 
(at  18"): 


Added  H^O  . 
Heat  evolved 


10 

1606 


20 
2430 


40 
3308 


90 
4052 


190  =  X. 
4510  =  q. 


These  numbers  are  well  represented  by  the  expression 

x'  X  5023^ 
a;'  +  21.24' 

hence  we  may  conclude  that  on  infinite  dilution  we  should 
get  an  evolution  of  5,023  cal.  The  heat  of  solution  of  the 
dry  salt  in  600  mols.  H20  =  11,080,  and  the  preceding 
formula  indicates  that  174  calories  would  be  obtained 
by  diluting  the  solution  in  600  HgO  infinitely  further. 
Hence  we  get  =  11,080  +  174  =  11,254  and  q^^  =  11,254 
-5,023  =  6,231.  The  value  of  a  (a  little  less  than  10)  and 
of     were  not  determined. 

It  is  sometimes  convenient  to  express  the  heat  involved  in 

s  2 
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adding  a  variable  quantity  of  salt  [B)io  a  fixed  quantity  of 
solvent  {A),  i.  e.  [-^^  ^/^J  =  q', 

where  1/  is  the  number  of  mols.  of  salt  for  one  of  solvent ; 
q'  is  shown  graphically  by  Fig.  37,  The  value  of  y  must 
lie  between  0  and  a  fixed  value  h  corresponding  to  saturation, 

•and  clearly  for  the  same  solution  y=--    The  limiting 

value  q\  is  the  heat  of  formation  of  1  +  6  mols.  of  saturated 
solution.  Hence  the  heat  of  formation  (per  mol.)  of  saturated 

solution  =  JY^)  ~  {l^-ta)  -'•^  ^  solution  already  con- 
taining y  mols.  of  salt  y'  more  are  added,  the  evolution  of 
heat  is  ^^+2/5,  y'B]  =  q'y^y'-q\, 

and  is  represented  by  the  difference  in  height  of  the 
ordinates  corresponding  to  y  and  y  +  y' ;  for  unit  addition 

of  salt  this  becomes  equal 
to  the  tangent  of  the  angle 
of  slope  of  the  curve.  The 
slope  of  the  curve  is  by 
no  means  always  similar 
to  that  shown  in  the  figure  ; 
in  many  cases  the  curve 
while  starting  upwards 
bends  over  to  a  horizontal 

  direction,  or  even  down- 

y  ' 

wards  before  coming  to  an 
end.  The  slope  at  the 
end  expresses  the  limiting  heat  of  solution,  i.  e.  the  heat  of 
solution  of  the  last  mol.  of  salt  that  goes  to  form  an  indefinite 
quantity  of  the  saturated  solution ;  this  quantity  has  been 
frequently  used  in  thermodynamic  reasoning  on  solutions. 

dq' 

[That  is,  \A-\-yB,  dyB~\-^dy  =  is  the  heat  of  solution 
in  a  solution  already  containing  y  mols.  of  salt,  and  on 


Fig.  37. 
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reaching  saturation  this  becomes  (^)  '       limiting  heat  of 

solution,  a  quantity  which  may  differ  even  in  sign  from 
da' 

f-^)  ,  the  initial  heat  of  solution.  The  relation  between 
these  quantities  and  the  preceding  is  easily  found,  for 
y  =  -  and  q'  =  -  hence 

dq'      ^^a;)  dq 


dy      ^^/1n  dx 
or  at  saturation 

=       or  in  words], 

the  integral  heat  of  solution = limiting  heat  of  solution  +  a 
times  the  heat  of  dilution  of  the  saturated  solution ;  a 
being  the  number  of  mols.  of  solvent  saturated  by  one  mol. 
of  dissolved  body. 

We  may  take,  as  an  example  of  this,  Thomson's  measure- 
ments on  sodium  nitrate.  The  quantity  of  salt  expressed 
by  the  formula  Na2N20|;  takes  a=10-9  mols.  HgO  to  dissolve 
it  at  18"^;  the  measurements  of  the  heat  of  dilution,  how- 
ever, extend  only  from  12  to  400  mols.,  and  may  be  repre- 
sented by  x—\2 

?  =  -5  868-4,700  x^-:p^. 

heat  being  absorbed  both  on  solution  and  dilution.  As- 
suming this  formula  to  be  correct  over  the  whole  range  of 
solubility,  we  have 


Heat  of  dilute  solution  3„  =  —  10,568  ; 
Integral  heat  of  solution  qa  -  —  5,738  ; 


Heat  of  dilution  of  the  saturated  solution      ^   =-  —  121. 2 

\dx/ a 

Limiting  heat  of  solution  2o-afv^   =  — 44i7- 

\dxJa 
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In  the  complete  mixture  of  two  liquids  the  curves  cori-e- 
sponding  to  those  in  Fig.  36,  37,  both  extend  from  0  to  00 
in  the  horizontal  direction,  and  become  reciprocal  to  one 

another.  The  heat  of  formation 
of  any  mixture  may  be  calculated 
from  either  of  them,  but  it  is 
more  convenient  to  draw  a  curve 
in  which  the  heat  of  formation 
{Q)  (i.  e.  of  1  mol.  of  solution) 
is  itself  taken  as  ordinate, 
and  accordingly  the  molecular 
fractional  composition  (s")  as 
abscissa,  so  that  the  curve  is 
finite  in  length,  extending  only 
from  z=0  to  It  has  the 

general  shape  shown  in  Fig.  38.  The  relation  between  this 
curve  and  the  preceding  ones  is  given  by 


Fig.  38. 
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The  best-known  instance  of  the  evolution  of  heat  on 
mixing  two  liquids  is  that  of  sulphuric  acid  and  water. 
The  observations^  are  fairly  represented  by  J.  Thomsen's 
formula 


17860£c 


x+  1-7983 

From  this  we  may  obtain  by  the  preceding  equations  the 
heat  of  formation  of  mixtures  expressed  in  terms  of  their 
molecular  fractional  composition 

z{l~z) 


Q  = 


l-0-4439;2; 


X  9932. 


'  J.  Thomsen,  I.e. ;  Pickering,  J.G.S.  57.  112. 
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This  equation  gives  the  following  values,  which,  it  will 
be  seen,  correspond  with  the  general  character  of  Fig.  38  : — 

Mol.  fraction  of  water  (s)        0-2         0-4         o-6  0-8 
Heat  of  formation       (Q)       1740       2900       3250  2460 

§  4.  Application  of  the  Second  Law  of  Thermodynamics. 

We  saw  in  chap,  iii  that  the  second  law  of  thermo- 
dynamics leads  to  certain  relations  between  the  changes  in 
the  state  of  equilibrium  of  any  system  with  temperature 
and  the  quantities  of  heat  involved  in  those  changes.  In 
particular  two  such  relations  are  needed  for  the  study  of 
chemical  systems,  viz. : — 

(1)  When  in  a  heterogeneous  system  matter  passes  from 
one  phase  to  another,  if  Q  be  the  latent  heat  of  transition, 

the  increase  of  volume  accompanying  the  process  (at 
constant  temperature),  then 

the  right-hand  side  of  the  equation  expressing  the  rate  of 
increase  of  pressure  of  the  system  per  l''  rise  of  temperature 
(at  constant  volume). 

(2)  When  in  a  homogeneous  system  which  is  dilute,  so 
that  the  law  of  mass  action  is  applicable  to  it,  a  reaction 
occurs  involving  an  absorption  of  heat,  Q,  and  K  be  the 
reaction  constant, 

i,.  log  K 

the  differential  coefficient        ^,      expressing  the  rate  of 

a  I 

increase  of  the  logarithm  of  the  reaction  constant  per  1°  rise 
of  temperature  (at  constant  volume). 

These  relations  have  been  successfully  applied  to  a  large 
number  of  actual  cases,  some  of  which  we  proceed  to 
consider. 
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(a)  System  of  one  component :  heat  of  transition  in  condensed 

equilibrium. 

The  fusion  of  ice  is  accompanied  by  an  absorption  of 
1,440  cals.  (permol.).  The  temperature  of  fusion  is  273"'; 
the  specific  volume  of  ice  is  1-0909,  that  of  water  1-0001, 
so  that  the  increase  of  volume  (per  mol.)  =  18  (1-0001 — 
1-0909)  =  -1-6344  c.c.    We  have  then 

dp  1,440  x42,000,000  lo^^inn^ 

dl^=  273  x  1-6344      =-1^6x10  dynes  sq.  cm. 

=  —136  atmos. 

The  quantity  of  heat  is  converted  into  ergs,  so  that  the 
result  may  be  expressed  in  the  C.G.S.  system.  We  see 
that  a  fall  of  temperature  of  1°  is  caused  by  a  rise  of 
pressure  of  136  atmospheres.  W.  Thomson  found  exjDeri- 
mentally  130  atmos. — very  close  agreement,  considering  the 
small  change  of  temperature  to  be  measured. 

In  the  transformation  of  rhombic  into  monosymmetric 
sulphur  at  95'5°  an  absorption  of  2-52  calories  per  gram 
occurs;  the  volume  increases  by  0-0126  c  c.  per  gram,  so 
that  ^  _    2-52x  42,000,000    _         ^  . 

dT~  (273+95-5)xO-0126~  ^ 
Experiments  by  Reicher  gave  21  atmos.  (see  p.  225). 

(&)  System  of  one  component :  heat  of  evaporation. 

Evaporation  of  water  at  100°.  Eegarding  Q  as  the 
quantity  to  be  determined,  we  may  take  fi'om  Eegnavilt's 
observations 

^  =  27-25  mm.  of  Hg  =  36,330  dynes/sq.  cm. 

The  specific  volume  of  water  is  1,  that  of  saturated  steam 
about  1,654.    Hence  the  latent  heat  (per  gram)  is 
36,330x373  x  (1,654-1)  =  2-24  x  10^»  ergs  =  533-3  calories, 
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in  very  close  agreement  with  the  results  of  direct  measure- 
ment. 

Experimental  determination  of  the  density  of  a  saturated 
vapour  is  difficult,  but  in  many  cases  we  may  obtain 
sufficiently  accurate  data  by  assuming  that  the  vapour  behaves 
as  a  perfect  gas,  and  neglecting  the  volume  of  the  liquid  or 
solid  by  comparison  with  it.  We  then  have  for  A'"  simply 
the  volume  of  a  mol.  of  vapour  according  to  the  gaseous 
laws,  i.  e.  =  liT/p.  Substituting  this  value  in  the  general 
equation,  we  find 

RT'  dp  _  ,,,,,dlogp 

In  the  case  of  water  vapour  at  100°,  the  volume  reckoned 
according  to  the  gaseous  laws  is  1,701  c.c,  so  that  the 
equation  just  given  yields  a  value  of  that  is  three  per 
cent,  too  high ;  but  for  low  pressures  the  approximation  is 
much  better.  The  equation,  moreover,  has  the  important 
advantage  that  it  can  be  integrated  directly  on  the  assump- 
tion that  Q  is  constant,  yielding 

where  j?^  is  the  vapour  pressure  corresponding  to  T^,  p^  that 
corresponding  to  T^.  Heats  of  reaction,  as  we  have  seen, 
usually  vary  but  little  with  temperature,  so  that  the 
assumption  is  justified  ;  this  and  other  similar  expressions 
may  therefore  commonly  be  used  to  calculate  a  heat  of 
reaction  from  two  observations  a  few  degrees  apart  in  tem- 
l^erature.  The  latent  heat  of  evaporation  actually  diminishes 
on  rise  of  temperature,  tending  towards  zero  at  the  critical 
temperature.  The  equation  just  given  was  employed  above 
in  calculating  the  raising  of  the  boiling  point  by  solution 
(p.  32). 
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(c)  System  of  more  than  one  component :  heat  of  transition  in 
condensed  equilibrium. 

Heat  is  always  absorbed  at  the  transition  point  in  passing 
from  the  system  stable  at  lower  to  that  stable  at  higher 
temperature.  Hence,  as  in  the  case  of  fusion,  a  system  that 
expands  on  transition  will  suffer  transition  at  a  higher 
temperature  the  higher  the  pressure  ;  one  that  contracts,  at 
a  lower  temperature.  The  formula  connecting  the  change 
of  temperature  with  the  expansion  or  contraction  is  iden- 
tical with  that  for  systems  of  one  component.  A  quali- 
tative confirmation  is  given  by  Spring  and  van 't  Hoflf' 
for  the  transition 

CuCa (C2H3O,),.  6H,0 

^  Cu  (C,H3  0,), .  H,0  +  Ca  (C,H,0,), .  H,  0  +  4  H,  0, 

which  takes  place  at  about  77°  under  atmospheric  pressure 
and  is  accompanied  by  a  contraction,  the  second  system 
occupying  a  smaller  volume  than  the  first.  The  transition 
point  should  accordingly  be  lowered  by  pressure,  and  indeed 
was  found  to  be  about  40°  under  6,000  atmospheres. 

{d)  More  than  one  component :  vapour  pressure  of  dilute 

systems. 

It  will  be  sufficient  to  consider  a  system  of  two  com- 
ponents, the  behaviour  of  the  more  complex  being  very 
similar.  Further,  we  shall  confine  our  attention  to  the 
case  in  which  only  one  component  is  sensibly  volatile, 
i.  e.  the  familiar  case  of  salt  solutions  and  the  like.  If 
three  phases  exist -salt,  saturated  solution,  and  vapour - 
there  is,  as  we  have  seen,  a  vapour-pressure  curve  similar 
to  that  of  a  simple  liquid,  the  pressure  being  a  function  of 
the  temperature  only.    The  rate  of  change  of  the  pressure 

1  Bull,  de  I'Acad.  Roy.  dc  Belgique,  49.  344. 
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■2b'] 


constitutes  the  term         in  the  thermodynamic  relation, 

since,  if  the  system  be  heated  at  constant  volume,  the 
vapour  will  remain  saturated  so  long  as  none  of  the  three 
phases  disappears  ;  it  should  be  noted  that  the  concentra- 
tion of  the  solution  does  not  remain  constant  during  the 

Q 

process.     In  evaluating  the  left-hand  member  —   we 


have  to  suppose  a  small  increase  of  volume  to  be  made 
while  the  temperature  remains  constant ;  this  will  involve 
evaporation  of  some  of  the  water,  and,  since  the  solution 
remains  saturated,  precipitation  of  a  corresponding  amount 
of  salt.  Tor  one  mol.  of  salt,  a  mols.  of  water  are  evapo- 
rated, and  the  increase  of  volume  may  be  reckoned 
according  to  the  gaseous  laws.  In  order  to  calculate  the 
absorption  of  heat  we  may  suppose  the  process  to  be  divided 
into  two  parts :  ( 1 )  decomposition  of  1  +  a  mols.  of  saturated 
solution ;  (2)  evaporation  of  the  a  mols.  of  pure  water 
separated.  (1)  is  accompanied  by  an  absorption  of  heat 
identical  with  the  evolution  on  forming  saturated  solution 
2a  ;  hence,  if  X  be  the  molecular  latent  heat  for  pure  water, 
the  heat  of  evaporation  out  of  the  solution  is  the  sum  of 
these  two  quantities,  or 


q„  is  usually  negative,  e.g.  for  NagNgO^  at  18°=— 5,738, 
whilst  a=  10-9.  Thus,  while  A  =  10,692  for  water,  the  corre- 
sponding quantity  for  the  solution  is  10,692  — 5, 738-i-l 0-9  = 
10,166  ;  hence  the  vapour  pressure  of  the  solution  rises 
more  slowly  with  temperature  than  that  of  pure  water  ; 
for  solutions  of  CuCl,^  the  reverse  is  true,  since  that  salt 
dissolves  with  evolution  of  heat  (p.  259). 

The  relation  just  found  illustrates  the  point  mentioned 
on  p.  218,  that  at  a  transition  point  the  curve  of  vapour 
pressure  of  the  saturated  solution  shows  a  sharp  bend 


RT-  dp 


2)  clT' 
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upwards  ;  for,  since  the  transition  is  always  accompanied 
by  absorption  of  heat,  k  +  qja  must  have  a  larger  value 
above  the  transition  point  than  below,  and  the  same  is  conse- 
quently true  of  • 

The  same  equation  is  applicable  to  the  vapour  pressures 
of  solid  hydrates,  e.  g.  the  reaction 

Cu  SO,.  5H  O^CuSO,.  3H20  +  2H20(gas) 

takes  place  in  a  system  of  three  phases,  so  that  there  is 
a  definite  saturation  pressure  for  each  temperature.  The 
thermal  value  of  the  reaction  is,  according  to  J.  Thomsen, 

—  2  X  10,692  cals.  for  the  evajjoration  of  two  mols.  of  water, 

—  6,820  cals.  for  the  separation  of  liquid  water  from  the  salt, 
giving  14,102  per  mol.  as  the  latent  heat.  The  vapour 
pressure,  according  to  Frowein  ',  is 

2.993  mm.  at  13-95'', 
5.056  ,,  ,,  20.46°, 
8  074     ,,    „  26.30°. 

Using  the  thermodynamic  equation  in  the  integral  form, 

we  get  from  the  observations  at  13-95°  and  26-30°  Q=  13,912 
per  mol.  of  H2O  against  the  calorimetric  value  14,102. 

If  the  same  reasoning  be  applied  to  a  system  in  two 
phases,  viz.  unsaturated  solution  and  vaj)0ur,  it  is  necessary 
to  introduce  some  new  condition,  since  the  vapour  pressure 
depends  now  on  two  independently  variable  quantities — 
the  temperature  and  concentration.  We  shall  obtain  the 
most  useful  results  if  we  set  the  concentration  constant ; 
the  rate  of  change  of  the  vapour  pressure  is  then  that 

expressed  by       .    Since  when  evaporation  takes  place  no 

salt  separates  out,  the  heat  of  evaporation  will  be  the  sum 


'  Ostvo.  1.  1. 
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of  the  heat  of  evaporation  of  pure  water  A  and  the  heat  of 
dilution       so  that 

Now  when  the  solution  is  already  very  dilute  no  heat  is 
evolved  on  diluting  it  further,  so  that  -j-  =  0.    If  the 

equation  be  then  compared  with  that  for  the  pure  solvent, 

_  RT'  dp 
~  dT' 

we  see  that  the  fractional  rate  of  change  of  the  pressure 
j-pr,  must  be  the  same  for  both,  so  that  whatever  ratio 


X.dT 

holds  between  the  pressures  of  the  solvent  and  solution  at 
any  temperature  will  hold  at  any  other  temperature  (Babo's 
law).  This  result  is  included  in  Eaoult's  law  of  the  lowering 
of  vapour  pressure  (p.  31),  in  the  proof  of  which  it  is  not 
merely  shown  that  the  relative  lowering  is  constant,  but 
the  amount  of  it  was  found  to  be  equal  to  the  ratio  of  the 
number  of  molecules  of  dissolved  substance  to  those  of 
solvent. 

(e)  More  than  one  component :  osmotic  pressure  of  dilute 

systems. 

In  accordance  with  the  analogy  between  dilute  solutions 
and  gases,  the  same  thermodynamic  relation  may  be  applied 
to  a  solution,  osmotic  pressure  taking  the  place  of  gas 
pressure.  We  may  imagine  a  system  consisting  of  solid 
and  solution  in  contact  on  one  side  of  a  semipermeable 
piston,  pure  solvent  on  the  other  ;  and  the  whole  in  an 
enclosure  of  constant  volume.  There  will  then  be  a  pressure 
on  the  piston  tending  to  move  it  so  as  to  allow  the  solvent 
to  flow  through  into  the  solution.  Calling  the  osmotic 
pressure  P  and  volume  of  the  solution  7,  and  introducing 
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the  gaseous  laws  in  the  thermodynamic  relation,  the  latter 
becomes  d]ncTP 

^-^^^  ~dT~' 

where  Q  is  the  heat  absorbed  when  one  molecule  of  solid 
goes  into  solution. 

Under  these  circumstances  the  solution  does  work  to  the 
extent  HT  owing  to  its  increase  of  volume,  whereas  if 
a  molecule  of  solid  be  dissolved  in  a  calorimeter  no  work 
is  done,  and  therefore  the  absorption  of  heat  is  less  by  ItT. 
But  it  is  the  heat  absorbed  when  one  molecule  is  dissolved 
(to  saturation)  in  a  calorimeter  that  we  have  designated 
ga,  so  that  in  the  experiment  with  the  semi-permeable 
piston  the  absorption  must  be 

.dlogP 


dT 


Instead  of  the  osmotic  pressure  it  is  more  convenient  to 
work  with  the  concentration  of  the  solid  in  solution  C. 
Since  P  =  BTG  and  Bis,  a,  constant,  we  have 

or  simply  _  j.rn.dlogC 

dT  ' 

so  that  the  integral  heat  of  solution  as  ordinarily  measured 
is  proportional  to  the  fractional  rate  of  change  of  the 
concentration.    In  its  integrated  form  this  equation  becomes 

on  the  usual  assumption  that  the  variation  of  qa  with 
temj)erature  may  be  neglected.  This  result  was  arrived 
at  by  van't  Hoff\  who  gives  the  following  table  of  ex- 
perimental verification.    Only  solutions  of  (]jractically)  non- 


'  Kongl.  Svenska.  Akad.  RandL,  1886,  p.  38. 
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electrolytes  are  referred  to,  in  order  to  avoid  the  complication 
due  to  electrolytic  dissociation. 


T2- 

(calc). 

Qa  (obs 

Succinic  acid 

2-88 

0° 

4.22 

8-5° 

6900 

6700 

Benzoic  acid 

0.1823 

4-5 

2.1931 

75 

6700 

6500 

Salicylic  acid 

o- 16 

12.5 

2.44 

81 

9000 

8500 

Boric  acid      .  . 

1.947 

0 

2-93 

12 

5200 

5600 

Phenol      .    .  . 

7-12 

I 

I0.2 

45 

1200 

2100 

Mercuric  chloride 

6-57 

10 

ir.84 

50 

2700 

3000 

If  the  dissolved  substance  be  an  electrolyte,  the  relations 
of  concentration  and  evolution  of  heat  are  complicated  by 
the  fact  that  as  the  concentration  changes,  the  degree  of  dis- 
sociation does  so  too.  We  shall  not  consider  this  case  in 
general,  but  when  the  dissociation  is  so  great  that  it  may 
practically  be  regarded  as  complete  for  all  strengths  of 
solution  that  occur,  the  treatment  again  becomes  simple. 
This  state  of  things  holds  for  nearly  insoluble  salts  such  as 
Ba  SO4  and  Ag  01.  We  have  then,  if  t  be  the  number  of 
ions  formed  from  a  molecule  of  the  salt,  that  the  osmotic 
pressure  P  =  BT  i  C,  where  C  is  taken  as  before  to  mean 
the  concentration  expressed  in  terms  of  the  ordinary  formula 
for  the  salt.  We  have,  therefore,  only  to  introduce  t  into 
the  theimodynamic  relation,  which  becomes 


In  this  equation  the  concentrations,  referring  to  saturated 
solution,  may  be  measured  by  means  of  the  electric  con- 
ductivity, since  the  partial  conductivities  of  the  ions  are 
already  known,  q^,  the  heat  of  solution  of  the  salt  (in- 
cluding its  heat  of  dissociation),  is  the  same  as  the  heat  of 
precipitation  with  reversed  sign  ;  for  if  we  mix  two  neutral 
salts,  say  BaCl2  and  Na2S0^,  in  dilute  solution,  the  reaction, 
bearing  in  mind  the  dissociation,  is 

Ba- •  -f  2  GY  -f-  2  Na-  +  SO/'  =  2  Na'  -f-  2  Cr  -f  Ba  SO,, 
or  simply  Ba-  +  S0;'  =  BaSO,. 
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Salt. 

Temp. 

V. 

BaSOt 

18.4° 

50055 

37-7° 

37282 

AgCl 

13-8^ 

1027 10 

26.5° 

55120 

The  heat  of  precipitation  is  thus  numerically  equal  to 
and  may  be  measured  calorimetrically.     The  following 
results  have  been  obtained  : — 

q„{calc.).  (jaipbs.). 
5500  5583 

15992  15850 

V  is  the  dilution  in  litres  per  gm.  mol.,  so  that  C  =  ~ . 

if)  Homogeneous  equilibrium. 

In  this  case  the  thermodynamic  equation  takes,  we  have 
seen,  the  form  of  a  relation  between  the  heat  of  reaction 
and  the  temperature  variation  of  the  reaction  constant, 

This  equation,  in  obtaining  which  the  gaseous  laws  are 
assumed  to  hold,  is  very  similar  in  form  to  the  corresi^onding 
equation  with  regard  to  change  of  state  when  the  same 
assumption  is  made. 

Like  the  other,  this  equation  may  be  integrated  on  the 
assumption  that  Q  is  constant,  and  gives 

T  T  K 

As  an  example  of  the  application  to  gases,  we  may  take 
the  dissociation  of  NgO^.  The  degree  of  dissociation  has 
been  found  under  atmospheric  pressure  as  y=  0-1996  at 
26-7°,  and  y  =  0-9267  at  111.3°.  The  reaction  constant  at 
these  temperatures  may  be  calculated,  since 

K  =      ^\    ,  where  v  =  RT  ^-tZ) 
(l-y)v  p 

is  the  volume  containing  92  grams  of  the  peroxide,  these 
constituting  1  +  y  molecules.  If  the  values  of  KjK2  so 
found  be  introduced  into  the  equation,  we  get  Q  =  12,900. 
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Ou  the  other  hand,  the  calorimetric  measurements  of 
Berthelot  and  Ogier  allow  of  calculating  Q  ;  they  found 
that  between  27°  and  150°  the  absorption  of  heat  by  92 
grams  of  the  gas  was  12,620  calories.  Of  this  amount  it 
may  be  reckoned  '  that  a  part  is  spent  in  actual  increase  of 
temperature  energy ;  the  molecular  specific  heat  of  the 
peroxide  at  high  temperatures  is  16-86  (per  92  grams) :  we 
may  therefore  set  this  part  as  16-86  (150-27)  =  2,074. 
Next,  a  part  is  absorbed  in  doing  external  work.  Now  the 
degree  of  dissociation  is  about  0-2015  at  the  low  temperature, 
10  at  the  high,  i.  e.  the  dissociation  is  tken  complete  ;  hence 
the  work  done  =  0-7985  x  BT  =  577  calories.  The  re- 
mainder of  the  observed  absorption  of  heat  serves  for  the 
dissociation  of  0-7985  of  the  gas,  whence  it  follows  that 
the  total  heat  of  dissociation  is  12,500. 

The  formation  of  ethyl  acetate  according  to  the  equation 

CH3  COOH  +  CH3  CH2  OH  ^  CH3  COO  CHj  CH3  +  0 

offers  an  instance  of  the  application  of  the  thermodynamic 
equation  to  liquids.  It  is  found  that  the  heat  of  combustion 
of  ethyl  acetate  is  almost  identical  with  the  sum  of  the 
heats  of  combustion  of  the  alcohol  and  acid,  so  that  the 
reaction  expressed  by  the  equation  is  practically  unac- 
companied by  liberation  of  heat,  or  ^  =  0.  In  accordance 
with  this  it  has  been  found  that  the  reaction  constant  is 
very  nearly  the  same  at  220°  as  at  atmospheric  temperature  ; 
both  the  partial  reactions  M'e,  of  course,  accelerated  by 
heat,  but  each  to  the  same  extent,  so  that  the  state  of 
equilibrium  is  unaffected. 

The  specially  important  case  of  neutralization  has  been 
successfully  treated  from  the  thermodynaraic  point  of  view. 
A  typical  reaction  between  a  strong  acid  and  strong  base 
may  be  expressed  in  terms  of  the  electrolytic  dissociation 

theory  as  h- +cr  +  Na'  +  OH' =  Na'  +  Cr  +  H.O, 

'  Van 't  Hoff,  Studies  in  Chemical  Dynamics,  i8g6,  p.  154. 
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or  simply  ^.  ^        ^  ^^^^ 

being  nothing  more  than  the  formation  of  water  from  its 
ions.  The  evolution  of  heat  on  neutralizing  any  strong 
base  with  any  strong  acid  should  therefore  be  the  same, 
and  has  in  fact  been  found  by  J.  Thomson  to  be  about 
13,680  calories  at  25°.  It  should,  however,  be  possible  to 
calculate  this  from  the  dissociation  constant  of  water, 
according  to  the  equation 

T  T  K 

The  value  of  K,  from  measurements  of  conductivity, 
is  at 

T  =    o°        2°        io°      i8°      26°       34°       42°  50° 

K  =  0.122    0152    0.314    0-64    1. 188    2.i6r    3  725    6-150  X  10—^" 

whence  we  find  from  the  observations  at 

o?  and  50"  Q25  13,810, 

2°  and  42"  =  13,850, 

10°  and  34°  Q22  =  13,970, 

18°  and  26°  Q22  =  13,460, 

a  remarkably  accurate  confirmation  of  the  theory. 

A  further  instance  of  the  use  of  the  thermodynamic 
relation  is  in  the  electrolytic  dissociation  of  weak  acids 
(or  bases),  The  dissociation  constants  of  some  acids  have 
been  measured  (by  the  method  of  electric  conductivity)  over 
a  range  of  temperature  ;  hence  the  heat  of  dissociation  may 
be  calculated  by  the  usual  equation.    E.  g.  we  have 

K  at  10°.  at  40°.  Q  {calc. ). 

Acetic  acid    .       I'j-g  x  io~^  18-7  x  10—"  +  257 

Propionic  acid       i3.8  14-1  +  ra6 

Butyric  acid  .       16.6  16-2  — 144 

Q  here  is  the  heat  absorbed  when  a  molecule  of  acid  is 
dissociated  (without  doing  external  work)  into  its  ions,  at 
the  mean  temperature  considered,  viz.  25°. 

This  quantity  may  be  determined  calorimetrically  by 
means  of  the  heat  of  neutralization  of  the  acid  by  a  strong 
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base.  If  e.  g.  acetic  acid  be  mixed  with  soda,  the  reaction 
is  essentially 

C,HA  +  OH^  =  C,H30/  +  HA 

since  the  soda  beforehand,  and  sodium  acetate  after,  may  be 
looked  upon  as  completely  dissociated,  while  the  acid  is  so 
hardly  at  all.  The  reaction  may  then  be  treated  as  the  sum 
of  two :  (a)  dissociation  of  QJlfi^  into  its  ions  ;  (h)  com- 
bination of  H  and  OH  to  form  water.  The  thermal  value 
of  the  latter  is,  we  have  seen,  13,680  cals.  ;  that  of  the 
former  may  accordingly  be  found  by  difference  from  the 
obsei-ved  heat  of  neutralization  as  follows  :  — 

Heat  of  neutralization .  Q. 

Acetic  acid    .               13,400  +  280 

Propionic  acid               13,480  +  200 

Butyric  acid  .                13,800  —120 

Since  Q  is  here  found  as  the  difference  between  two  much 
larger  quantities  it  is  much  exposed  to  experimental  errors, 
and  the  agreement  with  the  values  calculated  from  the 
dissociation  constant  must  be  regarded  as  very  good. 


T  2 


CHAPTER  VII 


ELECTRO-CHEMISTRY 

§  1.    Origin  of  Electromotive  'Force. 

In  the  production  of  an  electric  current,  two  factors 
have  to  be  taken  into  account — the  electromotive  force, 
and  the  resistance  of  the  circuit  round  which  the  curi'ent 
is  to  flow.  Of  these,  electromotive  force  (e.  m.  f.  or  potential 
difference)  plays  the  part  of  a  *  moving  force '  or  tendency 
to  make  current  flow ;  and  the  current  actually  produced 
is  given  by  the  ratio  of  the  e.  m.  f.  to  the  resistance 
opposing  it  (Ohm's  law).  So  far  we  have  j)aid  attention 
only  to  one  of  these  factors — resistance,  or  its  reciprocal, 
conductance — and  that  merely  for  the  light  it  throws  on 
the  dissociation  of  electrolytes.  There  is,  however,  a  more 
intimate  and  essential  relation  between  electrical  and 
chemical  phenomena,  for  the  passage  of  an  electric  current 
is,  in  electrolytes,  associated  with  chemical  reaction,  and 
the  strength  of  current  may  be  taken  as  measure  of  the 
velocity  of  reaction.  Accordingly  we  have  in  the  action 
of  a  galvanic  cell  a  case  in  which  velocity  of  reaction 
may  be  referred  to  the  two  causes,  *  moving  force '  or 
affinity,  and  resistance  to  be  overcome.  The  velocity  of 
a  reaction  may  always  be  looked  upon  as  due  to  two  such 
factors,  but  in  cases  other  than  electrical  it  is  not  so  easy 
to  see  in  what  way  the  moving  force  and  the  resistance 
may  be  defined  ;  hence  study  of  the  electrical  phenomenon 
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leads  to  more  definite  views  as  to  the  nature  of  what 
may  be  described  as  the  affinity  causing  a  chemical  change. 
The  recent  development  of  electro-chemistry  consists  chiefly 
in  a  study  of  the  causes  of  electromotive  force  in  galvanic 
cells  :  and  that  development  we  shall  proceed  to  consider. 

Electromotive  force  occurs  at  the  surface  of  contact  of 
dissimilar  conducting  materials,  either  (1)  between  two 
metals,  (2)  between  two  solutions,  (3)  between  a  metal 
and  a  solution.  Of  these  three  the  first  is  always  very 
small,  and  will  not  be  considered  in  this  book,  since  it  is 
not  associated  with  chemical  change  ;  the  second  is  small 
in  amount ;  it  usually  occurs  in  galvanic  cells,  but  may 
in  most  cases  be  ignored  by  comparison  with  the  third 
cause  of  e.  m,  f.,  which  is  much  the  largest.  A  galvanic 
cell  is  a  combination  of  two  such  junctions  of  metal  and 
solution  ;  it,  as  a  whole,  possesses  an  e.  m.  f.  which  is  the 
sum  of  those  produced  at  the  two  surfaces  of  contact  (with 
theii'  appropriate  signs) :  if  the  two  metals  are  identical, 
and  also  the  two  solutions,  we  have  a  combination  in  which 
the  two  e.  m.  f.'s  exactly  neutralize  one  another  (being  in 
opposite  senses)  and  which  is  therefore  devoid  of  external 
electromotive  force :  this  is  the  '  electrolytic  cell '  referred 
to  in  chap,  i,  e.  g.  a  pair  of  copper  electrodes  dipping  in 
copper  sulphate  solution.  A  working  galvanic  cell  may 
be  made  by  choosing  either  (1)  two  dissimilar  metals,  or 
(2)  two  dissimilar  solutions,  or  both.  Again,  the  dissimi- 
larity causing  e.  m.  f.  may  be  either  (a)  in  chemical  nature, 
or  (&)  in  concentration.  Thus  the  primitive  volta  cell 
consists  of  plates  of  Zn  and  Ag  dipping  in  dilute  H2  SO4 : 
here  the  liquid  round  the  anode  is  identical  with  that  round 
the  cathode,  and  the  electromotive  force  is  due  to  the 
dissimilarity  in  chemical  action  between  the  two  metals : 
this  therefore  belongs  to  the  class  of  chemical  cells.  But 
a  cell  may  be  made  by  the  combination  Zn,  concentrated 
Zn  SO^  solution,  dilute  Zn  SO,  solution,  Zn.     Here  the 
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metals  are  identical,  and  the  electromotive  force  is  due 
to  the  tendency  towards  equalization  of  concentration 
between  the  two  solutions ;  such  concentration  cells  are  not 
used  for  practical  production  of  current,  but  study  of  them 
has  done  much  to  elucidate  the  mechanism  of  electrical 
action. 

§  2.    Measurement  of  Electromotive  Force. 

To  measure  the  e.  m.  f.  of  a  cell,  the  arrangement  known 
as  the  potentiometer  or  'Poggendorff's  compensation  method' 
is  adopted.    The  apparatus  is  shown  in  Fig.  39,  and  consists 


ditions  are  satisfied  by  using  two  (or  sometimes  one)  storage 
cells :  if  these  are  not  to  be  had,  two  or  three  Daniells  will 
serve.  Ixm  is  a  wire  through  which  the  current  from 
A  flows  :  its  total  resistance  must  remain  constant.  This 
may  be  accomplished  by  using  a  pair  of  resistance  boxes 
for  Ix  and  xm,  taking  care  that  when  the  resistance  of  the 
one  is  increased  by  taking  out  plugs,  that  of  the  other  is 
decreased  by  the  same  amount ;  but  usually  Ixm  consists 
of  a  uniform  fine  wire  one  or  two  metres  long  stretched 
over  a  scale,  similar  to  that  used  for  measuring  electrolyte 
resistances  (p.  63).  a;  is  a  sliding  contact-maker,  putting 
any  part  of  the  wire  Ixm  in  connexion  with  b,  the  cell 


Fig.  39. 


of  the  following  parts  : 
A  is  a  source  of  cur- 
rent ;  it  is  essential 
that  this  should  have 
an  electromotive  force 
higher  than  that  of  the 
cell  to  be  measured, 
and  which  remains 
perfectly  constant 
during  the  measure- 
ments.     These  con- 
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to  be  measured,  and  c,  a  cell  of  known  e.  m.  f.  c  is  usually 
a  Clark  cell  whose  e.  m.  f.  is  given  by  the  expression 
1-434  — 0-001  15°)  volts,  where  t  is  the  temperature. 
A,  B,  and  c  must  be  arranged  so  that  their  like  poles  are 
all  connected  to  the  same  point  I.  k  is  a  switch  by  means 
of  which  either  b  or  c  may  be  connected  to  the  current 
indicator  g.  The  latter  is  not  required  to  measure  current, 
but,  as  in  Wheatstone's  bridge,  only  to  indicate  when  the 
condition  of  balance  is  arrived  at,  and  no  curi'ent  flows 
through  G.  As  a  current  indicator  it  is  customary  in  some 
laboratories  to  use  a  simple  form  of  the  Lippmann  capillary 
electrometer  (see  below,  and  for  practical  details  see  Ostwald, 
Handbook  of  Physico-cJiemical  Measurements) ;  a  mirror 
galvanometer  is,  however,  perfectly  satisfactoiy  and  perhaps 
easier  to  work  with.  The  whole  apparatus  may  conveniently 
take  the  form  of  a  'Crompton  potentiometer,'  in  which  the 
wire  Ixm  and  the  key  are  arranged  together  on  a  board, 
provided  with  appropriate  binding  screws  for  a,  b,  c,  and  g  ; 
the  length  of  the  wire  Ixm  being  made  alterable,  so  that 
when  a  pair  of  accumulators  is  used  for  a,  their  electro- 
motive force  may  be  reduced  to  one  volt  per  metre  of  wire, 
by  a  simple  adjustment  before  the  measurements  begin  ; 
the  e.  m.  f.  of  the  experimental  cell  may  then  be  read  off 
the  scale  in  decimals  of  a  volt. 

To  use  the  apparatus,  k  is  first  switched  over  so  as  to  put 
the  Clark  into  circuit,  and  the  sliding  contact-maker  moved 
till  G  indicates  that  no  current  is  flowing  through  the  branch 
IcGx;  when  this  is  the  case  the  e.  m.  f.  of  c  is  just  balanced 
by  that  existing  in  the  wire  between  I  and  x.  (In  the 
Crompton  pattern  the  contact-maker  is  put  at  1-434  metres 
or  a  neighbouring  point,  according  to  the  temperature  of 
the  Clark  cell,  and  the  total  length  of  the  potentiometer 
wire  adjusted  till  no  current  flows  through  G.)  The  switch 
is  then  put  over  to  b,  and  the  contact-maker  moved  till 
balance  is  again  obtained  at  some  point  x\    Since  the  wire 
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Ixm  is  uniform,  the  e.  m.  f,  between  two  points  of  it  is 
proportional  to  the  distance  between  them  ;  hence  we  have 

e.  m.  f.  of  B  _  length  Ix' 
e.  m.  f.  of  c     length  Ix 

§  3.    Electromotive  Force  at  a  Single  Contact. 

Measurements  of  electromotive  force  are  necessarily  made 
on  complete  galvanic  cells  with  two  metallic  terminals, 
but  to  study  the  relations  between  e.  m.  f.  and  chemical 
action  it  is  necessary  to  be  able  to  separate  the  parts  of 
the  e.  m.  f.  due  to  each  metallic  contact.  This  has  only 
been  accomplished  of  late  years,  and  until  it  was  done 
no  considerable  progress  in  electro-chemistry  could  take 
place ;  in  order  to  measure  the  e.  m.  f.  at  one  electrode 
it  is  necessary  to  connect  the  solution  with  the  galvano- 
meter by  another  electrode  which  does  not  introduce  an 
electromotive  force,  or  else  to  employ  a  second  electrode 
whose  e.  m.  f.  is  known.  Two  ways  of  solving  the  problem 
have  been  discovered,  viz.  (1)  by  Lippmann's  capillary 
electrometer,  (2)  by  dropping  electrodes. 

When  mercury  and  an  electroljdie — say,  dilute  H2SO4 — 
are  in  contact  in  a  capillary  tube,  the  level  of  the  mercury 
is  depressed  below  the  level  it  would  occupy  in  a  large 
vessel  communicating,  on  account  of  surface  tension.  There 
is,  however,  a  difference  of  potential  between  the  metal 
and  solution,  the  metal  being  positively  electrified  :  we  may 
look  upon  the  layers  of  metal  and  of  acid  next  the  surface 
of  sejparation  as  constituting  the  plates  of  a  condenser,  the 
metal  having  a  positive  charge,  the  electrolyte  a  negative 
one.  If  now  a  negative  charge  be  imparted  to  the  metal 
by  means  of  a  battery,  its  potential  may  be  reduced  to 
that  of  the  acid,  or  even  below  it.  It  is  found  that  the 
surface  tension  is  reduced  by  electrification,  consequently 
when  a  negative  charge  is  imparted  to  the  mercury,  the 


ELECTROCHEMIS  TR  Y 


effect  ^vill  be,  first,  to  increase  the  surface  tension,  until 
when  metal  and  acid  are  at  the  same  potential  the  surface 
tension  is  a  maximum  :  if  the  charge  be  further  increased, 
a  difference  of  potential  will  again  be  set  up — now  in  the 
opposite  sense— and  the  surface  tension  will  fall.  The 
experiment  can  be  reaKzed  by  placing  mercuiy  in  a  dish, 
covering  it  with  dilute  acid,  and  arranging  the  end  of 
a  capillary  tube,  also  connected  with  a  vessel  of  mercury 
to  dip  in  the  acid ;  by  suitably  adjusting  the  pressure  of 
mercury  in  the  tube,  the  surface  of  contact  with  the  acid 
may  be  brought  to  any  desired  point  of  the  capillary.  If 
now  the  mercury  in  the  dish  be  connected  with  the  positive 
end  of  a  battery,  that  in  the  tube  with  the  negative  end, 
a  change  of  level  in  the  capillary  occurs  ;  and  by  adjusting 
the  e.  m.  f.  applied,  the  greatest  value  of  the  surface  tension 
may  be  reached  :  the  acid  and  mercury  have  then  the  same 
potential.  Since,  however,  the  surface  tension,  regarded  as 
a  function  of  the  potential  applied,  is  a  maximum,  a  small 
change  in  the  potential  will  make  hardly  any  difference 
to  the  surface  tension,  so  that  the  method,  though  practi- 
cable, is  not  very  exact.  (Cf.  problem  of  finding  the  critical 
volume,  p.  89.) 

The  method  of  the  dropping  electrode  is  not  exposed  to 
the  same  objection.  A  dropping  electrode  was  first  used 
by  Lord  Kelvin  to  determine  the  potential  of  the  air :  he 
allowed  water  to  fall  in  drops  from  a  funnel  made  of 
conducting  material ;  any  charge  produced  in  the  water 
by  contact  with  air  is  carried  off  by  the  drops,  leaving 
the  mass  of  water  in  the  funnel  at -the  same  j)otential  as 
the  air  surrounding  it.  It  was  pointed  out  by  Helmholtz 
that  the  same  principle  might  be  applied  to  obtain  a  mass 
of  metal  (mercury)  at  the  same  potential  as  an  electrolyte. 
When  a  fine  stream  of  mercury  comes  in  contact  with  an 
electrolyte,  the  surface  of  contact  tends  to  become  charged — 
the  Hg  positively,  the  solution  negatively  ;  but  the  charge 
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takes  an  appreciable  time  to  accumulate,  since  it  is  neces- 
sarily accompanied  by  a  movement  of  charged  ions  from 
the  solution.  If  the  stream  breaks  up  into  drops  they 
will  carry  away  with  them  whatever  positive  electricity 
is  produced  on  them,  leaving  the  mass  of  the  mercury 
uncharged.  Ostwald  ^  reahzed  this  condition  after  many 
attempts,  though  still  in  an  imperfect  manner,  by  using 
a  very  high  pressure  of  mercury,  and  as  fine  drops  as 
possible.  Paschen^,  however,  showed  that  the  experiment 
became  successful  if  the  mercury  was  allowed  as  little  time 
as  possible  to  get  charged  by  contact  with  the  acid ;  for 
this  reason  he  raised  the  vessel  of  acid  until  its  surface 
touched  the  stream  of  mercury  only  just  above  the  point 
at  which  it  broke  up  into  drops.  A  Hg-pressure  of  about 
200  cms.  was  used,  the  metal  flowing  out  through  an 
opening  (in  a  glass  tube)  of  -gV  to  -^jj  mm.  Under  these 
circumstances  the  mercury  forms  a  stream  of  2  to  10  mm. 
length  before  breaking  up  into  drops.  If  then  the  level 
of  acid  be  adjusted  correctly,  and  an  electrode  of  metal  M 
be  dipped  into  the  acid,  the  e.  m.  f.  between  M  and  the  Hg 
of  the  funnel  depends  on  the  contacts  Hg :  electrolyte,  and 
electrolyte  :  M.  The  former,  however,  produces  no  e.  m.  f. 
in  the  dropping  electrode,  so  that  the  measurement  gives 
directly  the  value  of  electrolyte :  M.  It  is  not,  however, 
necessary  to  use  the  troublesome  dropping  electrode  each 
time  it  is  desired  to  measure  a  single  e.  m.  f.  ;  for  if  the 
e.  m.  f.  of  any  single  contact  be  determined  as  described 
above,  that  contact  may  be  combined  with  the  one  to  be 
studied,  so  as  to  form  a  cell ;  we  may  then  measure  the 
e.  m.  f.  of  this  cell  and  deduct  the  part  due  to  the  known 
contact.  For  this  purpose  a  calomel  electrode  may  advan- 
tageously be  used,  consisting  of 

HgiHg^Cl^:  normal  KCl ; 

'  Ostw.  1.  583-610  (1887). 
^  Wied.  41.  42-70  (1890). 
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the  e.  m.f.  is  —0-560  volt,  the  mercury  being  positive  to 
the  sohition.  It  is  commonly  constructed  as  shown  in 
Mg.  40.  Pure  mercuiy  is  poured  into  the  bottom  of  a  small 
glass  jar,  just  covered  with  a  little  calomel,  and  the  jar 
filled  up  completely  with  normal  KCl  solution  ;  a  rubber 
stopper  is  inserted,  canying  two  tubes  :  that  on  the  left 
has  a  platinum  wire  sealed  through  the  end,  to  make  contact 
with  the  mercury:  the  other  is  bent  at  right  angles  and 
leads  through  a  rubber  tube  to  a  short  hook-shaped  glass 


Fig.  40. 


tube,  the  whole  being  filled  with  the  normal  KCl  solution. 
If  it  be  desired  to  measure  the  e.  m.  f.  at  the  surface  of 
a  metal  and  electrolyte,  these  are  arranged  in  any  convenient 
manner,  say  by  immersing  a  wire  of  the  metal  in  a  beaker 
of  the  electrolyte,  and  the  hook-shaped  tube  dipped  into 
the  beaker,  care  being  taken  that  no  air-bubble  occurs  in 
the  tube.  The  e.  m.  f.  of  the  cell  so  constructed  is  taken, 
and  that  of  the  normal  electrode  deducted.  E.  g.  the 
combination 

Cu  :  \  normal  Cu  SO4 :  normal  electrode 

gives  an  e.  m.  f.  —0-025,  the  copper  being  positive  to  the 
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mercury.    Neglecting  the  potential  difference  at  the  contact 

of  the  two  electrolytes,  the  Cu  SO4  may  be  taken  as  at  the 

potential  +0-560.    The  difference  between  this  and  —0-025 

=  0-585   is   the  e.  m.  f.  of  the  combination  Cu:^norm. 

Cu  SO^,  the  copper  being  positive.    This  may  conveniently 

be  written  1  n  cfr\        n  mr 

Cu  :  f  norm.  Cu  SO^  =  —  0-585, 

the  negative  sign  being  taken  to  mean  a  step  down  in 
potential  in  passing  from  the  first  to  the  second  of  the 
substances  mentioned. 
Again,  the  combination 

Zn  :  \  norm.  Zn  SO^ :  normal  electrode  =  + 1-080, 

i.  e.  the  mercury  of  the  normal  electrode  is  1  -08  volts  positive 
to  the  zinc.  Hence 

Zn  :  I  norm.  ZnSO,  =  +  0-520, 
there  being  a  step  up  in  poftential  in  passing  from  zinc  to 
zinc  sulphate. 


§  4.  Electromotive  Force  of  Reversible  Electrodes. 

The  most  important  distinction  to  note  in  the  behaviour 
of  various  electrodes,  is  between  polarizdble  and  notv-polar- 
izdble.  Considering  first  the  behaviour  of  an  electrode  with 
respect  to  the  kation  only,  it  is  usually  non-polarizable  if  the 
solution  contains  an  appreciable  quantity  of  the  metal  which 
forms  the  electrode ;  e.  g.  a  copper  plate  immersed  in 
CUSO4  solution  is  non-polarizable,  because  it  is  reversible 
with  respect  to  the  kation  —  Cu.  If  current  flow  through 
it  from  solution  to  metal,  copper  is  deposited  on  the  plate  ; 
if  the  current  be  reversed,  coj^per  is  dissolved  off  the  plate 
and  goes  into  solution  again ;  and  if  the  same  quantity  of 
electricity  has  passed  in  each  sense,  then,  in  accordance 
with  Faraday's  law  (p.  56),  the  original  condition  is  exactly 
restored.  The  e.  m.  £  of  the  contact  is,  in  such  a  case, 
the  same  whichever  way  the  current  flows,  and  if  the 
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concentration  of  the  solution  be  kept  constant,  is  strictly- 
constant  too.  On  the  other  hand,  if  a  platinum  plate  be 
immersed  in  dilute  sulphuric  acid,  the  solution  does  not 
contain  platinum  (at  least  not  in  measurable  quantity),  and 
when  a  current  is  passed  from  solution  to  metal  the  first 
effect  is  to  liberate  hydrogen  on  the  plate  ;  this  dissolves  to 
a  certain  extent  in  the  platinum,  and  alters  its  electrical 
properties,  making  its  potential  much  less  positive  to  the 
solution.  When,  however,  the  current  is  reversed,  oxygen 
instead  of  hydrogen  is  liberated  on  the  plate,  and  the  metal 
is  made  more  positive  towards  the  solution  than  in  its 
original  state.  The  e.  m.  f.  of  the  contact  is  therefore 
different,  according  to  the  direction  in  which  the  current 
flows.  The  alteration  in  properties  of  the  electrode,  due  to 
the  passage  of  electricity,  is  known  as  polarization.  As  the 
quantity  of  electricity,  starting  from  the  neutral  condition, 
is  increased,  the  polarization  increases  in  the  sense  which 
opposes  the  applied  e.  m.  f.,  until  a  limit  is  reached  at 
which  the  metal  is  saturated  with  oxygen  or  hydrogen, 
and  the  liberated  element  begins  to  appear  as  a  gas ;  there- 
after the  e.  m.  f.  is  constant,  but  obviously  some  of  the 
applied  electrical  energy  is  spent  in  the  evolution  of  gas, 
which  passes  away  from  the  cell,  so  that  reversal  of  the 
current  will  not  restore  the  original  conditions.  Such  an 
electrode  is  therefore  polarizable,  and  irreversible  (in  the 
thermodynamic  sense). 

An  electrode  may  also  be  made  reversible  with  respect  to  the 
anion  ;  but,  since  the  materials  that  contain  the  anion  in 
the  solid  state  are  usually  bad  condu.ctors  of  electricity, 
they  must  be  combined  with  a  metal.  E.g.  the  normal 
calomel  electrode  already  mentioned  belongs  to  this  class  ; 
the  KCl  solution  serves  essentially  as  a  solution  of  the 
anion,  CI,  it  being  immaterial  what  the  metal  in  solution  is. 
The  electrode  is  essentially  the  solid  HgjCla,  but  it  is  used 
in  the  form  of  a  thin  layer  in  contact  with  metallic  mercury, 
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on  account  of  the  better  conductivity  of  the  latter.  Chlorine 
passes  reversibly  between  the  solution  and  the  electrode, 
HgjCla  being  formed  or  decomposed  as  the  case  may  be. 
Similar  electrodes  can  be  made  with  other  insoluble  salts, 
such  as  AgCl,  AgBr,  Agl  in  conjunction  with  metallic 
silver,  Ag2S  in  a  solution  of  KHS,  and  so  on,  and  also  by 
saturating  platinum  black  with  oxygen. 

The  e.  m.  f.  of  reversible  metallic  electrodes  has  been 
measured  by  B.  Neumann ' .  It  appears  to  depend,  in  the 
absence  of  secondary  effects,  only  on  the  nature  of  the 
metal,  and  the  concentration  of  the  ions  of  that  metal  in 
solution.  To  show  this,  Neumann  made  up  cells  of  the 
pattern 

Tl :  TlCl :  normal  electrode, 

using  some  twenty  different  salts  (organic  and  inorganic) 
of  thallium,  all  in  centinormal  solution.  Since  in  a  solution 
so  dilute  the  salt  is  practically  completely  dissociated,  the 
e.  m.  f.  should  be  the  same  in  all  the  cells,  and  that  was 
found  to  be  the  case.  Nitrates,  however,  behave  in  many 
cases  in  an  anomalous  manner,  on  account  of  the  action  of 
the  NO3  ion  on  metals  :  and  to  avoid  such  an  effect  Neu- 
mann added  urea  to  the  solution,  when  the  e.  m.  f  became 
normal. 

Cells  were  constructed  with  twenty -one  different  metals  in 
solutions  of  their  salts,  made  up  in  each  case  with  the  normal 
calomel  electrode ;  in  that  way  the  actual  potential  differences 
for  the  various  metals  were  obtained.  Of  the  metals,  how- 
ever, Mg,  Al,  and  Mn  decompose  water,  with  the  consequence 
that  the  e.  m.  f.  of  the  cell  fell  off  immediately  on  immersing 
the  electrode,  so  that  the  numbers  obtained  do  not  correctly 
represent  the  behaviour  of  the  metal.  Again,  Bi,  As,  Sb, 
and  Sn  form  basic  salts,  so  that  the  true  concentration  of 
the  solution  was  not  known.    The  other  metals  gave  the 


1  Ostw.  14.  193-230  (1894). 
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results  shown  in  the  following  table  (nitrates  omitted  on 
account  of  disturbing  secondary  actions) : — 


Sulphate. 

Chloride. 

Acetate. 

Zinc    .  . 

-  0-524 

-0503 

-0-522 

Cadmium 

o.i62 

0174 

— 

Thallium , 

0.114 

0-151 

— 

Iron    .  . 

0  093 

0-087 

— 

Cobalt .  . 

+  0-019 

+  0-015 

+  0-004 

Nickel.  . 

0-022 

O-02O 

Lead   .  . 

0095 

0-079 

Hydrogen 
Copper 

0-238 

0-249 

0-150 

0-515 

0  580 

Mercury  . 

0-980 

Silver  ,  . 

0-974 

0.991 

Palladium 

I".  066 

Platinum 

I -140 

Gold   .  . 

1-356 

The  solutions  were  normal :  the  +  sign  indicates  that  the 
metal  is  positive  to  the  solution.  Most  of  the  salts  are 
dissociated  to  the  extent  of  about  40  per  cent,,  so  that  the 
concentration  of  the  metallic  ions  in  solution  is  about 
1  gram  ion  per  2,500  c.c.  This  is  not  true,  however,  for 
gold  and  platinum,  as  the  compounds  HAu  Cl^ ,  HgPt  Clg 
are  formed  in  solution,  and  the  concentrations  of  the  ions 
Au  •  •  •  and  Pt '  •  •  •  are  not  known  ;  the  numbers  for  these 
two  metals  are  therefore  not  directly  comparable  with  the 
others. 

§  5.    Concentration  Cells. 

The  electromotive  force  between  a  metal  and  an  electro- 
lyte depends  on  the  concentration  of  the  latter,  and,  so  far 
as  the  conception  is  applicable,  on  the  concentration  of  the 
metal  too.  The  possibility  of  concentration  cells  was  first 
pointed  out  by  Helmholtz,  as  a  consequence  of  thermo- 
dynamic reasoning  which  we  shall  have  to  consider  in  more 
detail  below.  Briefly,  however,  it  amounts  to  showing  that 
any  work  which  the  materials  of  the  cell  can  perform  in 
consequence  of  differences  of  concentration,  may  be  made 
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available  foi*  producing  an  electric  current.    The  e.  m.  f.  of 

the  cell  may  he  caleulated  hy  equating  the  electric  energy  evolved 
{volts  X  coulombs)  against  the  osmotic  worJc  the  materials  are 
capable  of  doing.  To  see  how  this  is  so,  we  will  consider  in 
detail  a  practical  case,  and  for  simplicity  one  in  which  the 
ions  are  univalent,  viz.  the  cell 

Ag :  AgNOg  (concentrated)  :  AgNOg  (dilute)  :  Ag. 

Let  Cj,  Cg  be  the  concentrations  of  the  two  solutions,  of 
which  Ci  is  the  greater ;  and  let  there  be  a  considerable 
mass  of  each  solution,  so  that  the  transfer  of  a  small 
quantity  of  salt  from  one  side  to  the  other  makes  but  a 
trifling  diiference  to  the  concentrations.  Consider  what 
effect  on  the  solutions  is  produced  when  unit  quantit)' 
(1  coulomb)  of  electricity  flows  through  the  cell  from  right 
to  left,  the  Ag  in  the  dilute  solution  being,  therefore,  the 
anode  ;  and  first  assume  that  the  velocities  of  the  anion  and 
kation  are  the  same,  which  is  nearly  true  for  Ag*  and  NOg'. 

Then  j  gram-atoms  of  silver  go  into  solution  at  the  anode, 

where  e  =  96,540  (coulombs  per  mol.)  ^  gram -atoms  of  silver 

are  deposited  on  the  cathode,  and  at  the  boundary  of  the  two 

liquids  ~  of  Ag'  travels  with  the  current  from  anode  vessel 

to  cathode  vessel,  the  same  quantity  of  NOg'  being  trans- 
ferred in  the  opposite  direction.    On  the  whole,  therefore, 

~-  mols.  of  silver  nitrate  are  gained  by  the  anode  solution 

^  6 

(dilute),  and  the  same  amount  lost  by  the  cathode  solution 
(concentrated),  so  that  the  two  solutions  tend  to  equality. 
If  E  be  the  e.  m.  f.  of  the  cell,  the  electrical  energy  produced 
(volts  X  coulombs)  is  in  this  case  numerically  equal  to  JE. 

Now  the  change  of  concentration  might  be  accomplished 
by  taking  out  a  quantity  of  the  stronger  solution  containing 
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mols.,  diluting  it  down  to  the  strength  of  the  weaker,  and 

then  mixing  it  with  that.  In  order  to  find  how  much  work 
could  be  done  by  the  solution  in  this  process,  we  must 
perform  it  in  a  (thermodynamically)  reversible  manner  with 
the  aid  of  a  semi-permeable  membrane.  Let  the  quantity  of 
solution  to  be  diluted  be  enclosed  in  a  cylinder  with  a  piston, 
the  base  of  the  cylinder  being  permeable  to  water  but  not 
to  salt,  and  let  the  cylinder  be  placed  in  water ;  then  the 
osmotic  pressure  will  cause  water  to  flow  into  the  cylinder 
and  the  piston  to  rise.  An  amount  of  work  can  be  done 
by  the  piston  which  is  identical  with  that  done  by  a  gas  in 
expanding  through  the  same  range  of  volume  ;  this  has 
been  calculated  (p.  131),  and  we  may  directly  apply  the 
result.    Assuming  the  salt  to  be  completely  dissociated  in 

solution,  the  —  mols,  become  -  gram  ions,  and  the  work 

done  in  dilution  is       ,  p 

In  accordance  with  the  principle  quoted  at  the  beginning 
of  the  paragraph,  this  is  the  e.  m.  f.  of  the  cell.  For  R 
we  must  take  the  value  expressed  in  joules  (since  volt  x 
coulomb  =  joule),  i.  e.  8-3157.  If  the  standard  temperature 
of  18°  (291°  Abs.)  be  adopted  for  T,  we  get 

„  8-3157x291  .  8.3157x291  x2-3026  ,  (7, 
^  =      96540  =   96540  ^^^-^ 

=  0-05785  log,„^. 

Accordingly  for  a  concentration  cell  of  ratio  10:1  the  e.  m.  f. 
is  0-05785  volt  (the  ions  being  univalent  and  of  the  same 
mobility,  and  the  salt  completely  dissociated). 

If  the  ions  do  not  possess  the  same  mobility,  but  x  be  the 
transference  ratio  for  the  kation  (1  — a;  for  the  anion),  then 
the  anode  solution  will  gain  1  —  x  mols.  of  salt,  and  the 
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cathode  lose  the  same  amount  (p.  71),  The  preceding 
equation  therefore  becomes 

Thus  Nernst  ^  measured  the  e.  m.  f .  of  a  cell  containing 
deci-  and  centi-normal  silver  nitrate  solutions,  and  found  it 
to  be  0-055  volt  at  18°.  Since  in  this  case  x=  0-52,  the 
calculated  e.m.  f.  is  0-060  ;  the  small  difference  is  accounted 
for  by  Nernst  by  the  fact  that  AgNOg  is  incompletely- 
dissociated,  and  therefore  the  decinormal  solution  really 
contains  less  than  ten  times  as  many  Ag  ions  as  the 
centinormal; 

Another  kind  of  concentration  cell  may  be  made  by 
choosing  electrodes  of  the  same  material,  but  in  varying 
concentration  ;  this  can  be  done  when  the  electrode  sub- 
stance is  in  a  state  of  solution,  and  two  instances  of  it  occur 
in  practice— (1)  solutions  of  solid  metals  in  mercuiy  ;  (2) 
solutions  of  hydrogen  in  platinum  or  palladium. 

When  two  dilute  amalgams  of  the  same  metal  are  used 
as  electrodes,  it  is  easy  to  calculate  the  electromotive  force 
from  the  change  of  osmotic  energy  ;  for  the  passage  of  one 

coulomb  transfers  j  gr-am  equivalents  of  the  metal  from  the 

anode  to  the  cathode,  increasing  the  osmotic  pressure  of 
the  latter.  We  may  again  make  use  of  the  principle,  that 
the  action  of  the  cell  tends  to  equalize  the  concentrations,  to 
find  its  polarity ;  the  anode  is  clearly  the  more  concentrated. 
Accordingly  to  restore  the  original  conditions  some  of  the 
cathode  amalgam  must  be  separated  and  concentrated  till  of 

the  same  strength  as  the  anode.    The  ^  equivalents  to  be 

transferred  constitute      gram  atoms  if  r  be  the  valency  of 
the  atom  (since  each  valency  carries  the  unit  electric  charge), 
1  Ostw.  7.  477-484  (1891). 


ELECTR  0-CHEMIS  TR  Y 


291 


and  if  the  metal  is  monatomic  in  Hg  solution,  the  same 
number  of  gram-molecules.  Hence  the  osmotic  work  to  be 
done  is  ^, 

where  (7j,  are  the  concentrations  in  the  anode  and 
cathode.  This  is  the  measure  of  the  e.  m.  f.  of  the  cell, 
the  mercury  playing  the  part  of  an  indifferent  solvent, 
and  contributing  nothing  to  the  effect. 

The  following  numbers,  from  the  experiments  of  G.  Meyer, 
will  serve  to  illustrate  the  point  (the  cell  consisted  of  Zn 
amalgam  (cone.) :  ZnSO^ :  Zn  amalgam  (dilute)) : — 

=  0-002280,    G,  =  0-0000608, 

and  the  results  obtained  were — 

E  {cole).  E  (obs.). 

at  12.4°  00445  0-0474 

60.0°  0-0519  0-0520 

Cadmium  and  copper  cells  gave  similar  results.  Two  points 
may  be  noticed  with  regard  to  this  experiment :  first,  it 
brings  out  clearly  the  principle,  applicable  to  all  concentra- 
tion cells,  that  the  electromotive  force  is  proportional  to  the 
absolute  temperature  (provided  the  solutions  be  dilute  enough 
to  allow  of  applying  the  gaseous  laws) ;  second,  it  proves 
that  the  metals  in  mercury  solution  are  monatomic.  For  if 
they  were,  say,  diatomic,  the  quantity  of  metal  accompanying 
one  coulomb  would  be  the  same  as  before,  but  it  would  only 
produce  half  as  much  osmotic  pressure  in  the  amalgam ;  and, 
hence,  only  half  as  much  work  would  be  required  to  restore 
it  to  the  anode :  the  e.  m.  f.  would  therefore  be  half  that 
calculated  above.  The  monatomicity  of  metals  in  amalgam 
is  confirmed  by  the  results  of  measurements  of  the  vapour 
pressure  of  amalgams. 

Next,  the  concentration  of  the  electrode  material  may  vary 
if  it  be  a  gas  absorbed  in  a  solid,  particularly  hydrogen  in 
platinum  or  palladium.    The  e.  m.  f.  of  hydrogen  with 

u  2 
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respect  to  normal  solutions  of  hj'drogen  salts  (acids)  quoted 
above  from  Neumann's  experiments  refers  to  hydrogen  at 
atmospheric  pressure  dissolved  in  platinum.  Neumann 
showed  experimentally  that  the  e.  m.  f.  between  H  and 
acid  depends  on  the  concentration  of  the  ionic  H  in  solu- 
tion, obtaining  the  following  numbers : — 

E.  E  +  —  log  7. 

Hp(   :    \  HCl  —0.249  —  °'255 

^  HjSO,  -0-239  —0.254 

I  H3P0^  -0.205  -0-275 

i  CH3COOH  -0149  -0289 

The  degree  of  dissociation  of  the  four  acids,  calculated 
from  their  conductivities,  is  about  y  =  0-80,  0-54,  0  0 6,  and 
0-0038  respectively.  If,  following  the  theory  of  concen- 
tration cells,  we  calculate  the  e.  m.  f.  between  Hpt  and 
a  solution  containing  one  gram-atom  of  H  ions  per  litre, 
by  adding  0-0.5785  log  y  to  the  observed  values  we  get  the 
numbers  given  in  the  last  column  of  the  above  table,  which 
are  roughly  constant. 

On  the  other  hand,  it  is  to  be  expected  that,  if  the 
electrodes  be  placed  in  contact  with  hydrogen  at  a  pressure 
greater  or  less  than  the  atmospheric,  the  e.  m.  f.  should 
differ.  Hydrogen  would  saturate  the  platinum,  and  an 
equilibrium  would  be  set  up  between  the  gaseous  Ho  and 
the  ionic  H'  in  the  liquid,  in  accordance  with  the  law  of 
partition  and  the  law  of  mass  action.  Experiments  in 
support  of  this  view  appear  to  be  still  wanting. 


§  6.  Polarization. 

When  a  current  is  passed  through  an  electrolyte  between 
'  unalterable '  electrodes,  i.  e.  plates  of  platinum,  gold, 
carbon,  or  other  material  which  conducts  but  does  not 
dissolve  in  the  solution,  the  products  of  electrolysis  de- 
posited on  the  electrodes  produce  a  back  electromotive 
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force  which  shows  itself  in  two  ways :  (1)  it  diminishes  the 
total  electromotive  force  in  the  circuit,  and  so  diminishes 
the  current  flowing;  (2)  if  the  electrolytic  cell  be  rapidly 
switched  over  from  the  electrolyzing  circuit  to  another 
not  containing  a  battery,  it  will  cause  a  current  to  flow 
through  the  latter  circuit  for  a  short  time  until  the  small 
amount  of  active  matei'ial  on  the  electrodes  is  used  up. 
That  this  '  polarization '  and  its  resultant  electromotive 
force  is  due  to  the  actual  presence  of  matter  deposited  on 
the  electrodes  is  shown  by  the  behaviour  of  plates  of 
platinum  black  which  have  absorbed  gases,  and  still  better 
by  the  experiments  of  Oberbeck '  on  polarization  by  solid 
metals.  He  showed  that  when  a  platinum  plate  is  coated 
electrolytically  with  a  metal,  the  electromotive  force  be- 
tween it  and  a  solution  of  that  metal  only  gradually 
assumes  the  value  observed  for  the  massive  metal  as  the 
thickness  of  the  deposit  grows.  The  thickness  which 
shows  the  same  properties  as  the  massive  substance  varies 
somewhat  from  one  metal  to  another,  but  averages  about 
one  millionth  of  a  millimetre,  i.  e.  the  layer  must  be 
a  few  molecules  thick,  according  to  the  usual  estimates  of 
molecular  dimensions^.  The  observed  e.  m.  f.  increases  as 
the  thickness  of  the  metallic  film  increases  (or  as  the  con- 
centration of  the  metal  increases,  it  is  sometimes  said)  until 
that  limit  is  reached. 

Consequently,  if  an  increasing  electromotive  force  is 
applied  to  an  electrolytic  cell,  at  first  the  only  eifect  is 
to  produce  an  amount  of  polarization  that  balances  the 
applied  e.  m.  f. :  there  is  therefore  a  momentary  current 
each  time  the  e.  m.  f.  applied  by  the  battery  is  increased, 
which  stops  except  for  a  very  small  continuous  flow  due  to 
diffusion  of  dissolved  gases.  If  the  e.  m.  f.  applied  is  made 
greater  than  the  maximum  polarization  of  the  cell,  current 

•  Wicd.  31.  336  (1887). 

*  See  Thomson  and  Tait,  Natural  Philosophy,  vol.  2,  p.  495  (2nd  edit.). 
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then  flows  continuously,  and  either  gas  is  evolved  or  metal 
deposited  as  the  case  may  be. 

The  phenomena  of  polarization  are  greatly  complicated 
by  secondary  effects,  so  that,  despite  numerous  experiments 
made,  the  progress  towards  understanding  the  subject  was 
not  great,  especially  until  the  valuable  researches  of  Le 
Blanc  \ 

He  measured  the  total  electromotive  force  required  to  reach 
the  point  of  decomposition  for  numerous  electrolytes,  and 
also  the  separate  electromotive  forces  at  the  two  electrodes, 
and  showed  that  the  maximum  polarization  at  an  electrode  on 
which  metal  is  deposited  agrees  with  the  e.  m.  f.  observed 
on  immersing  a  plate  of  that  metal  in  the  liquid,  1.  e.  with 
the  proper  reversible  e.  m,  f.  of  the  metal ;  but  when  gas 
is  the  product  of  electrolysis,  the  phenomena  are  somewhat 
more  complicated  because  not  necessaz'ily  reversible. 

When  platinized  platinum  electrodes  are  used  in  a 
solution  of  acid  or  base  the  decomposition  of  water  can  take 
place  reversibly,  because  the  electrodes  have  a  considerable 
capacity  of  absorption  for  oxygen  and  hydrogen.  If  the 
electrodes  where  they  emerge  from  the  liquid  are  sur- 
rounded by  tubes  containing  oxygen  and  hydrogen  at 
atmospheric  pressure,  the  arrangement  constitutes  a  rever- 
sible cell ;  when  it  produces  a  current,  hydrogen  ions 
travel  through  the  liquid  towards  the  cathode,  and  unite 
with  the  oxygen  in  solution  in  the  platinum  to  form  water. 
Similarly  at  the  anode  water  is  formed  by  combination  of 
the  hydroxyl  ions  with  dissolved  hydrogen  ;  and,  at  the 
same  time,  the  electrodes  keep  saturated  by  absorbing 
more  gas  from  their  surroui;iding  atmospheres.  When 
current  is  run  through  the  cell  the  reverse  way,  the  pro- 
ducts of  electrolysis  are  absorbed  by  the  electrodes  and 
excess  of  gas  given  off  by  the  platinum.    This  cell  has 


1  Ostw.  8.  299-330  (1891) ;  12.  333-358  (1893). 
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been  studied  by  Smale  ^  and  found  to  possess  an  e.  m. 
of  1-07  volts  at  17°  and  a  temperature  coefficient  0-00141 ; 
these  numbers  constitute  a  further  proof  of  reversibility,  as 
they  satisfy  Helmholtz's  equation  (cf.  next  §)  for  reversible 
cells,  using  the  known  value  of  the  heat  of  formation  of 
water. 

But  when  plain  platinum  or  gold  electrodes  are  used, 
they  dissolve  so  little  of  the  gases  (immeasurably  small 
quantities)  that  on  electrolysis,  oxygen  and  hydrogen  are 
given  off  in  bubbles  at  the  surface  of  the  liquid,  irrever- 
sibly, and  therefore  at  the  cost  of  a  higher  electromotive 
force.  Le  Blanc  found  1-70  volts  as  the  point  of  decom- 
position for  all  acids  and  bases  that  yield  oxygen  and 
hydrogen  as  products.  The  e.  m.  f.  is  independent  both 
of  the  nature  of  the  electrolyte  and  its  concentration, 
because  it  depends  essentially  on  the  concentration  of  the 
H"  and  OH'  ions  in  solution,  the  e.  m.  f.  at  the  cathode  on 
the  hydrogen,  that  at  the  anode  on  the  hydroxyl.  When  the 
concentration  of  H*  ions  is  increased,  say  m-fold  (addition  of 
acid),  the  cathode  potential  difference  is  decreased  in  accord- 
ance with  the  theory  of  concentration  cells,  the  decrease 

amounting  to  —  log  m  ;  but  the  concentration  of  the  OH' 

ions  is  necessarily  decreased  in  the  same  ratio  m,  since  by 
the  law  of  mass  action  the  product  C n.  x  Gqw  is  invariable  ; 
this  change,  however,  involves  an  increase  in  the  potential 
difference  at  the  anode,  the  amount  of  which  is  also  given 
RT 

by  the  formula  —  log  m.    Hence  the  two  changes  are  always 

in  opposite  senses,  and  exactly  neutralize,  leaving  the  total 
e.  m.  f,  of  polarization  invariable. 

If,  however,  the  acid  radicle  gives  up  its  charge  to  the 
electrode  more  readily  than  hydroxyl,  the  e.  m.  f.  required 
for  decomposition  is  less  than  1-70  volts,  and  depends  on 
^  Ostiv.  14.  577-621  (1894). 


296 


PHYSICAL  CHEMISTRY 


the  concentration  of  the  acid.  This  was  shown  by  Le 
Blanc  to  be  the  case  for  hydrochloric  acid  ;  thus  : — 

f  normal  hydrochloric  acid  1.26  volts, 
i      >»  »  ;>  1-34 

"sV      n  >)  •)  1-69 

Such  acid  gives  off  chlorine  at  the  anode ;  on  further 
dilution  the  polarization  remains  constant  at  about  1-70  and 
oxygen  is  given  off  instead. 

§  7.    Application  of  Thermodynamics. 

Gibbs\  Helmholtz'^,  and  others  hare  applied  the  methods 
of  thermodynamic  reasoning  with  success  to  the  phenomena 
of  galvanic  cells,  so  far  as  they  are  reversible.  The  usual 
equations  of  thermodynamics  require  modification  only  in 
the  fact  that  the  external  work  done  by  the  working  sub- 
stance is  now  electrical,  whereas  formerly  we  considered 
only  work  done  against  a  fluid  pressure. 

If  from  a  battery,  a  quantity  H  of  electricity  flows  under 
an  electromotive  force  E,  then  the  electrical  work  done  by 
the  battery  is,  by  definition  of  electromotive  force,  =EH. 

We  may  accordingly  (dealing  with  an  infinitesimal 
change)  write  the  first  law  of  thermodynamics  as 

dQ  =  dU  +  Fdff 

for  a  system  in  wliich  the  only  external  work  done  is  the 
production  of  an  electric  current.  If  this  be  combined 
with  the  equation  to  the  second  law 

dQ  =  TdS, 

we  get 

dU  =  TdS-EdH. 

This,  in  a  manner  precisely  similar  to  that  adopted  on 

^  Trans.  Conncctimi  Acad.  3.  501. 

*  Berl.  Ber.  1882,  p.  22-39,  825-836. 
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p.  147,  maybe  transformed  into  the  equation  for  the  free 

dF  =  -SdT-  EdH, 
from  which  we  deduce 

a  thermodynamic  relation  which  is  the  precise  analogue  of 
that  on  p.  146,  of  which  so  much  use  has  been  made. 

Let  us  now  consider  the  results  of  this  relation  with  the 
aid  of  a  particular  case,  viz.  the  Daniell  cell,  as  studied 
by  Jahn  ^ : 

Cu  i  CuSO.+  lOOH^O  rZnSO.  +  lOO  H^OiZn. 

The  '  heat  of  reaction '  accompanying  the  substitution  of 
zinc  for  copper  in  a  solution  of  tii-e  sulphate,  measured 
calorimetrically,  is 

g  =  50,110  cals.  =  209,910  joules. 

This  then  is  the  loss  of  internal  energy  {  —  dU)  by  the  cell 
when  one  gram-atom  of  zinc  dissolves  ;  and  zinc  being  diva- 
lent, this  is  accompanied  by  a  flow  of  2  x  96,540  coulombs. 
Hence,  if  the  electrical  energy  produced  were  equal  to  the 
chemical  energy  used  up,  the  e.  m-.  f.  would  be  given  by 

193,080  =  209,910, 
whence  ^=  1-0872  volts.  This  was  the  reasoning  adopted 
by  Lord  Kelvin  originally,  and  it  is  approximately 
confirmed  for  the  Daniell  cell  by  experiment,  since  the 
e.  m.  f.  is  1-0962  volts  at  0°G.  It  is-  not  exact,  however,  even 
in  that  case,  and  in  others-  is  greatly  erroneous,  the 
assumption  made  above  being  quite  unjustified.  If  the 
electrical  energy  given  out  by  the  cell  (EdH)  were 
equal  to  the  chemical  energy  used  up  ( — dU)  heat  would 
neither  be  produced  nor  consumed  in  the  cell  (i.  e.  dQ=0 
in  equation).    Actually,  however,  there  is  a  production  or 


»  Wied.  28.  21,  491  C1886). 
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eonsumption  of  heat  in  the  cell ;  thus  the  observed  e.  m.  f. 
of  the  Daniell  gives  as  the  amount  of  electrical  work  done 
1-0962  X  2  X  90,540  =  211,660  joules.  Of  this  only  209,910 
are  supphed  by  the  chemical  energy  of  the  materials,  so 
that  1,750  joules  are  supplied  at  the  expense  of  the  heat 
energy  of  the  cell,  vrhich  accordingly  falls  slightly  in  tem- 
perature by  its  ovrn  activity  (apart  from  any  irreversible 
heating  due  to  internal  resistance,  which  does  not  enter  into 
the  problem). 

In  order  to  maintain  the  temperature  of  the  cell  constant 
therefore,  it  must  be  supplied  with  1,750  joules  of  heat  for 
every  193,080  coulombs  flowing,  and  its  entropy  accordingly 
increases  by  l,750-^T(in  electrical  units).  Hence  the  left- 
hand  side  of  the  thermodynamic  relation  is 

liS  1750-7-273 


'bH  193080 


=  0  00003'3, 


This  then  should  be  equal  to  the  tempjeratqr.e  coefficient 

-yj^  of  the  cell,  and  in  fact  Jahn  fotmd  by  .experiment  that 

the  temperature  coefiicient  is  0-000034  volts  per  1°,  so  that 
even  the  small  difference  between  J;he  amounts  of  chemical 
and  electrical  energy  is  satisfactorily  accounted  for  by  the 
theory. 

Summarizing  the  above  in  algebraic  form,  we  have  for 
the  heat  supplied  to  the  cell,  the  difference  between  the 
electrical  work  done  when  re  coulombs  flow,  i.e.  Er^,  and 
the  heat  of  reaction  q{r  =  valency,  e  =  number  of  coulombs 
permol.).  Hence 

f)E  _  ^aS"  _  JSre-q 

or  q  =  re[E-T^^). 

Mostly  the  temperature  coefficient  is  negative,  so  that  the 
chemical  energy  is  incompletely  spent  in  producing  electrical 
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work  ;  the  cell  is  heated  in  action.  Another  example  from 
Jahn's  researches  will  illustrate  this,  viz. : — 

Ag  :  AgCl :  ZnCl2+ 100  H2O  :  Zn. 

c)  E 

Here  E  =  1-0306,  —  =  -0-000409  ;  whence  the  electrical 

o  1 

work  reE  =  199,890  joules,  the  calculated  value  of 
q  =  220,500  joules,  that  observed  calorimetrically  218,540. 

At  first  sight  it  might  appear  in  contradiction  to  the 
second  law  of  thermodynamics  to  assume  that  a  galvanic 
cell  can  perform  work  at  the  exjiense  of  its  own  heat, 
although  at  the  same  temperature  as  the  surroundings.  It 
must  be  remembered,  however,  that  the  law  merely  denies 
the  possibility  of  carrying  out  a  cyclic  process  in  which  even 
temperature  heat  is  converted  into  work.  A  configuration 
of  matter  may  be  such  that  it  is  capable  of  doing  a  finite 
amount  of  work  at  the  expense  of  suiTounding  heat,  while 
changing  its  state  (e.  g.  while  zinc  dissolves) ;  but  to  restore 
the  original  conditions,  if  the  temperature  be  maintained 
constant,  the  same  amount  of  work  has  to  be  done  on  the 
system  ;  if  there  were  an  outstanding  amount  of  work  done 
in  the  cyclic  process,  that  process  might  be  repeated  any 
number  of  times,  and  a  finite  system  would  then  be  the 
means  of  converting  an  indefinite  amount  of  even  tempera- 
ture heat  into  work  :  that  is  impossible. 

The  extreme  case  in  which  the  electromotive  force  is  not 
merely  the  means  of  convertipg  some  heat  as  well  as 
chemical  energy  into  work,  but  is  exclusively  a  mechanism 
for  converting  heat  into  work,  occurs  in  all  concentration 
cells.  Concentration  cells  possess  no  available  chemical 
energy  ;  the  osmotic  work  that  might  be  done  in  equalizing 
the  concentrations  of  two  solutions  would  be  done  at  the 
expense  of  the  sensible  heat  of  the  solutions,  and  what 
takes  place  is  simply  a  substitution  of  electrical  for  osmotic 
work,  as  explained  on  p.  288.     (As  with  gases :  so  far  as 
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ii  gas  is  perfect,  it  possesses  no  volume  energy,  and  when 
it  expands  merely  uses  up  its  own  heat  in  doing  external 
work :  see  p.  129.)  Hence  in  the  thermodynamic  equation  q 
(heat  of  reaction)  =  0  and 

T 

Accordingly  the  e.m.  f.  of  a  concentration  cell  changes  by 
of  its  value  at  the  freezing  point  per  1°,  or.  in  other 
words,  is  proportional  to  the  absolute  tem][)erature. 

The  same  equation  may  also  be  applied  to  the  case  of  the 
e.  m.  f.  at  one  junction  alone,  and  gives  the  thermal  value  of 
the  reaction  that  takes  place  there,  viz.  ionization.  This  is 
important,  because  it  is  not  possible  to  determine  such 
thermal  values  by  a  calorimetric  method,  the  formation  of 
ions  from  metal  being  always  associated  with  some  other 
change  (e.g.  the  return  of  some  other  ion  to  the  metallic 
form).  Thus  Bouty  has  measured  th6  e.m.f.  of  the  com- 
bination Cu:CuSO^.Aq,  and  its  variation  with  tempera- 
ture.   The  electromotive  force  at  17°  is  0-600,  and  the  value 

oi  +0-C0076.    Hence  Ostwald  '  calculates  the  heat  of 

reaction  as 

193080 

(0-600-290  X  0-00076)  X      4  9     =  17,500  cals. 

Since  the  metal  is  positive  to  the  solution  the  heat  of 
ionization  is  negative,  i.e.  there  is  an  absorption  of  17,500 
cals.  when  metallic  copper  is  converted  into  (divalent-cupric) 
ions.    This  result  may  be  written 

Cu  =  Cu--- 17,500. 

By  combining  one  such  result  with  ordinary  thermal  or 
electromotive  measurements,  the  heats  of  ionization  of  all 

1  Ostw.  11.  501  (1893). 
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the  metals  and  negative  radicles  may,  step  by  step,  be 
obtained.  Thus  the  thermal  value  of  the  reaction  occuri-ing 
in  the  Daniell  cell  is,  we  have  seen,  about  50,100.  The 
reaction,  however,  is  merely  the  replacement  of  cupric  ion^ 
by  zinc  ions,  or 

Cu--  +  Zn  =  Cu  +  Zn"  +  50,100. 

From  the  last  two  equations,  then,  by  subtraction  we 

obtain  Zn=  Zn-+  32,600. 

This  large  positive  number  is  an  indication  of  the  strong 
tendency  of  zinc  to  form  ions,  a  tendency  which  places  it 
high  up  in  the  electric  'tension  series.' 

Again,  when  zinc  dissolves  in  dilute  acid,  the  reaction  is 

Zn  +  2H-  =  H2  (gas) +  Zn"  + 34,200, 

the  heat  evolved  being  34,200  calories;  by  combining  this 
with  the  preceding  equation  we  find 

HaCgas)  =  2  H'- 1,600. 

Further,  when  hydrogen  and  chlorine  combine  and  dissolve 
in  much  water  to  form  almost  completely  dissociated  hydro- 
chloric acid,  the  reaction  is  accompanied  by  a  large  evolution 

of  heat,  H2  +  Cl2=  2H'+Cr-f78,600. 

Hence  the  formation  of  chlorine  ions  takes  place  according 

to  the  equation        ci,  =  2  CI' +  80,200, 

so  that  chlorine  has  an  even  stronger  tendency  to  ionize 
than  zinc,  being  in  fact  comparable  with  the  alkaline  metals. 

Oxygen,  too,  has  a  strong  tendency  to  form  hydroxyl 
ions,  as  may  be  seen  from  the  following  equations : — 

(1)  formation  of  water  from  its  elements, 

H2  +  ^02  =  H2O  +  68,400  ; 

(2)  neutralization  of  a  strong  acid  and  base, 

2H'  +  20H'=  2 H,0  + 27,000  ; 
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thence  by  subtraction 

H2  +  ^02  +  H20  =  2H-  +  2OH'+41,400; 

but  since      =  2  H'  -  1,600,  it  follows  that 

IO2  +  H2O  =  2-0H'  + 43,000. 

This  may  be  looked  upon  as  an  indication  of  the  oxidizing 
power  of  gaseous  oxygen  ;  but  it  must  be  borne  in  mind 
that  chemical  reactions  do  not  take  place  strictly  according 
to  the  amounts  of  heat  evolved  in  them  ;  those  amounts 
are  only  a  rough  guide,  and  no  true  measure  of  affinity. 


§  8.    Electromotive  Force  and  Affinity. 

Eather  it  is  the  electromotive  force  that  is  a  measure  of 
the  affinity  brought  into  play  in  the  reaction  that  gives  rise 
to  it.  For  the  electromotive  force  is  a  measure  of  the  work 
that  a  reaction  is  capable  of  performing,  i.  e.  of  the  change 
in  the  free  or  available  energy  of  the  reacting  system.  This 
fact  is  most  clearly  illustrated  by  the  behaviour  of  systems 
possessing  a  transition  point.    Consider  e.  g.  the  reaction 

Zn  SO,  •  7  H,  O  ^  Zn  SO,  •  6     0  +  0, 

both  hex-  and  hepta-hydrate  are  obtainable,  but  only  one  of 
them  is  stable,  viz.  at  ordinary  temperatures  the  hepta- 
hydrate,  at  higher  temperatures  the  hexhydrate.  The 
transition  point  is  about  39°  i.  e.  the  point  at  which  the 
two  hydrates  can  exist  in  equilibrium. 

The  transition  takes  place  with  a  certain  absoi-ption  of 
heat,  which  scarcely  varies  in  amount  above  or  below  the 
transition  temperature ;  but  the  '  affinity '  or  moving  force 
producing  the  reaction  is  at  the  transition  point  zero,  since 
there  is  then  no  tendency  for  the  reaction  to  go  in  either 
sense,  and  has  opposite  signs  above  and  below  the  transition 
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point.  This  is  shown  by  the  e.  ni.  f.  produced  ;  a  Clark  cell 
has  the  construction 

Zn  :  ZnSO,  (sat.  sol.) :  Hg.SO, :  Hg, 

and  may  be  made  up  either  with  Zn  SO4 .  7  H,0  crystals 
(the  ordinary  way),  or  with  Zn  SO4 .  6  HgO.  At  tempera- 
tures below  39°  the  heptahydrate  cell  has  the  higher  electro- 
motive force,  above  that  temperature  the  hexhydrate the 
two  becoming  equal  at  the  transition  temperature  ;  so  that, 
as  remarked  in  chap,  v,  such  a  cell  may  be  used  for  deter- 
mining the  transition  point.  If  the  two  cells  be  joined  in 
opposition  to  one  another,  then  if  the  temperature  is  below 
39^  current  will  flow  from  the  heptahydrate  to  the  hex- 
hydrate  portion — zinc  will  be  dissolved  in  the  former  and 
deposited  in  the  latter ;  the  quantity  of  heptahydrate  will 
therefore  increase  at  the  expense  of  the  hexhydrate  and 
water  of  solution.  If  the  temperature  be  above  39°  the 
same  process  will  occur,  but  in  the  opposite  sense,  so  that 
in  either  case  the  stable  phase  will  gain  in  quantity,  and  the 
tendency  of  the  substance  to  go  into  the  stable  form  is 
measured  by  the  e.m.f.  of  the  combined  cell,  i.e.  the 
'  velocity '  of  the  reaction  is  proportional  to  the  e.  m.  f.  (the 
resistance  of  the  cell  being  regarded  as  constant),  and  there- 
fore to  the  divergence  of  the  temperature  from  39".  Thermo- 
dynamically  considered,  in  such  a  cell  at  the  transition 
point  E  =  0,  and  therefore 

The  sign  in  this  equation  indicates — as  might  be  foreseen 
from  general  reasoning— that  below  the  transition  point  the 
action  of  the  cell  is  such  as  to  produce  the  system  formed 
with  evolution  of  heat,  above  the  transition  point  that 
formed  with  absorption  of  heat. 

For  further  information  on  transition  cells  we  may  refer 
'  E.  Cohen,  Osiw.  25.  300  (1898). 
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to  van 't  Hoff-Cohen,  Studies  in  Chemical  Dynamics  (English 
edition,  1896,  pp.  251-273). 

The  electrometrical  method  may  also  be  applied  to  study 
equilibrium  in  homogeneous  systems.  A  case  of  the  kind  has 
been  very  completely  worked  out  by  C.  KnUpxrer^  viz.  the 
reaction 

Tl  CI  (solid)  +  KSCN  Aq  ^  Tl  SON  (solid)  +  KCl  Aq  ; 

this  belongs  to  the  somewhat  small  class  of  cases  in  which 
both  reaction  constant  and  electromotive  force  are  of  magni- 
tudes accessible  to  measurement. 

Chemical  measurements  showed  that  the  reaction  constant 
for  the  system  ^ 

K  =  — ^  =  0-85  at  39°-9, 

f-'  KSCN 

=  1-24  at  20°0, 
=  1-74  at  0°8. 

The  thallium  salts,  being  present  as  solids,  do  not  enter  into 
the  value  of  K.    If  then  a  cell  be  constructed  of  the  form 

Tl  amalgam  :  Tl  CI :  KCl :  KSCN  :  Tl  SCN  :  Tl  amalgam, 

and  the  ratio  between  the  concentrations  in  the  two  electrode 
vessels  be  K,  the  system  will  be  in  equilibrium  and  the 
e.  m.  f.  zero.  If,  however,  KCl  (i.  e.  chlorine  ions)  be  in 
excess,  there  wUl  be  an  electromotive  force  such  that  the 
right-hand  side  is  the  cathode,  and  current  will  flow  from 
left  to  right,  imtil  the  amount  of  KSCN  is  so  far  incieased 
and  that  of  K  CI  reduced  that  equilibrium  is  restored.  If  at 
any  time  the  ratio  of  concentration 

^KCl   _  ^ 

C'kscn  ' 

the  electromotive  force,  as  was  shown  by  van 't  Hoff,  is 

^     RT  ,  K 

E=  log  —  • 

e  a 


'  Ostio.  26.  255  (1898). 
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This  may  perhaps  most  easily  be  seen  by  applying  the 
reasoning  already  used  for  concentration  cells  to  reduce 
the  cell  in  question  to  the  equilibrium  state  of  no  e.  m.  f. 

Kniipffer  measured  the  e.  m.  f.  of  such  cells  with  values  of 
a  varying  from  0-8  to  1-6,  and  found  it  agree  to  within 
a  millivolt  with  the  numbers  calculated  from  van 't  HofFs 
formula. 
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Translated  by  Dr.  R.  A.  Lehfeldt,  Professor  of  Physics  at  the  East 
London  Technical  College.    2s.  6d. 

Contents. — Chap,  I.,  Definitions.  Chap.  II.,  Fundamental  Laws  of 
Combination.  Chap.  III.,  Behaviour  of  Cases.  Chap.  IV.,  S'>rae  points 
of  Thermo-Chemistry.  Chap.  V.,  Solutions.  Chap.  VI.,  Photo-Chemistry. 
Chap,  VII.,  The  Periodic  System. 

A  Manual  of  Elementary  Chemistry. 

By  W.  A.  Shenstone,  M.A.,  Lecturer  in  Chemistry  at  Clifton  College. 

[Ill  preparation. 

Lectures  on  Theoretical  and  Physical  Chemistry. 

Part  I.— Chemical  Dynamics. 
By  Dr.  J.  H.  Van  'T  Hoff,  Professor  at  the  University  of  Berlin. 
Translated  by  Dr.  R.  A.  Lehfeldt,  Professor  of  Physics  at  the 
East  London  Technical  College.    One  vol.,  8vo.,  12s.  net. 

Lectures  on  Sound,  Lig-ht,  and  Heat. 

By  Richard  Wormkll,  D.Sc,  M.A.,  late  Head  Master  of  the  Central 
Foundation  Schools  of  London.  New  Edition.  Each  volume,  crown 
8vo.,  Is, 
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A  Manual  of  Human  Physiologfy. 

By  Leonabd  Hill,  M.D.,  Lecturer  in  Physiology  at  the  London 
Hospital  Medical  College.  With  numerous  illustrations  and  diagrams. 
Crown  8vo.,  cloth,  6s. 

A  Manual  of  Botany. 

By  David  Houston,  of  the  County  Technical  Laboratory,  Chelmsford. 
Adapted  to  the  requirements  of  the  Science  and  Art  Department, 
College  of  Preceptors,  and  Oxford  and  Cambridge  Local  Examina- 
tions. [In  preparation. 

A  Manual  of  Physiography. 

By  Andrew  J.  Herbeetson,  P.R.G.S.,  Lecturer  on  Geography  in  the 
Heriot-Watt  College,  Edinburgh,  and  formerly  in  the  Owens  College, 
Manchester.  [Nearly  Beady. 

A  Text-Book  of  Domestic  Science. 

By  Mrs.  S.  J.  Shaw.    One  vol.,  crown  8vo.  [In  preparation. 

Elementary  Natural  Philosophy. 

By  Alfred  Earl,  M.A.,  Assistant-Master  at  Tonbridge  School.  With 
numerous  Illustrations  and  diagrams.    Crown  8vo.,  cloth,  4s.  6d. 


WORKS  BY  C.  LLOYD  MORGAN,  F.G.S., 

Professor  of  Biology  and  Principal  of  University  College,  Bristol. 

Habit  and  Instinct. 

A  Study  in  Heredity,  based  on  the  author's  «' Lowell "  Lectures, 
1895-96.    Demy  8vo.,  cloth,  16s. 

Animal  Life  and  Intelligence. 

New  and  Revised  Edition.  [In  preparation. 

The  Springs  of  Conduct. 

Cheaper  Edition,    Large  crown  8vo.,  3s.  6d. 

Psychology  for  Teachers. 

With  a  Preface  by  Sir  J.  G.  Fitch,  M.A.,  LL.D.,  late  one  of  H.M.'s 
Chief  Inspectors  of  Training  Colleges.  Second  edition.  Crown  8vo., 
cloth,  38.  6d. 


London  :  EDWARD  ARNOLD,  37  BEDFORD  ST.,  STRAND,  W.C. 

(    4  ) 


